The Soft X-Ray Background Towards Ophiuchus by Mendes, Paulo





















The Soft X-ray Bakground
towards Ophiuhus
Dissertation


















Erstgutahter: Prof. Dr., Dr. h.. Gregor E. Morfill
Zweitgutahter: Prof. Dr. Dieter Breitshwerdt
Tag der müdlihen Prufung: 30 July 2010
Citations
Felizes os que ignoram, abençoados os que prouram não
ignorar! Tristes os que julgam saber, alegria ao peito
de quem proura ompreender! Carrega om orgulho às
laras as tuas dúvidas, se elas pareem hoje humbo, serão,
Talvez um dia, Talvez nuna, ouro do mais verdadeiro.
Dediation from David Eduardo Roque
Ferragudo, Portugal
 ... in the life of the intelet there is also a law of
inertia. Everything ontinues to move along its old
retilinear path, and every hange, every transition
to new and modern ways, meets strong resistene.
Felix Klein (18491926)
Imagination was given to man to ompensate him
for what he is not; a sense of humor to onsole him
for what he is.
Franis Baon (15611626)
Aknowledgements
This thesis would never have been ompleted were it not for the moral and
nanial support of a great number of persons and institutions.
I would like to gratefully aknowledge the supervision, the support,
the advie, the attention to detail, the onstrutive ritiism and en-
ouragement throughout the ourse of this thesis of Professor Dr.
Dieter Breitshwerdt, now at the Tehnishe Universität of Berlin.
Dr. Mihael Freyberg, from the Max Plank Institut für extrater-
restrishe Physik (MPE), guided me through the intriate traks of the
XMM-Newton data, espeially, through the ompliated detetor and
sky bakground issues and their possible manifestations. I would like to
aknowledge his advie, enouragement, enthusiasm, the football games,
and all support given to me. Without his guidane this work would never
have found the right path.
I would like to aknowledge all the support given by Professor Gün-
ther Hasinger, as the diretor of the X-ray and γ-ray Group at MPE,
during the realization of this projet. Many thanks to João Alves, then
at the European Southern Observatory, for his enthusiasti support and
ollaboration. I thank Dr. Frank Harbel, Dr. Vadim Burwitz from MPE and
Dr. Craig Gordon from HEASARC Software Development, Astrophysis
Siene Division, for the tehnial disussions on the XSPEC pakage.
Postgraduates of the MPE X-ray Group are thanked for numerous
stimulating disussions and for their friendship, in partiular to Alina
Streblyanska, Daniel Shaudel, Elisa Costantini, Martin Henze, Mihael
Bauer, Thomas Stadlbauer and Zdenka Misanovi. Speial thanks also
to the MPE outsiders Alessandro Stenio and Katya Dimova. They have
made MPE a very speial plae over all these years.
To more physially distant friends a word of thanks for their enthusiasm
and enlightenment. To Carlos Tiago, David Roque, Emanuel Alexandre,
Gisela Oliveira, Gustavo Rodrigues, João Borges, João Emanuel Dias, José
Afonso, José Santos, Mihael Odenwald, Nuno Moreira, Nuno Peixinho,
Nuno Santos and Riardo Barbosa.
This researh was supported by a sholarship from Fundação para a
Ciênia e a Tenologia (FCT) - Ministério de Ciênia e Tenologia of
Portugal.
To Doris I would like to say thanks for her patiene, support and
understanding during the realization of this thesis.
Finally, a word of thanks to my parents for all what they have done
in their lives to support me and to whom this work is dediated.
The X-Ray Shadow of the Dark Filament of the Ophiuhus
Moleular Cloud
The X-ray Shadow due to the dark filament of the Ophiuhus Moleular
Cloud, obtained by ESA's XMM-Newton satellite. Three energy bands were
used to reate three images. These images were olor oded aording to
the following riteria: 0.3  0.5 keV as red, 0.5  0.9 keV as green and 0.9 
2.0 keV as blue. As it an be seen, the dark moleular filament asts a shadow
in the soft x-ray bakground due to the absorption of x-rays by neutral and
moleular material present in the filament. The X-ray shadow is ompared
with the 100 µ IRAS ontour map (blak lines) due to the dust omponent of
the loud, whih is superimposed to the x-ray mosai image.
A
Summary
In this work we present the results of the analysis performed on the soft and diuse
x-ray emission of the so-alled Loal Hot Bubble (LB), using data olleted by
the XMM-Newton satellite, in the energy range of ∼ 0.27.0 keV. The spetaular
progress in spae siene over the last deades has opened new and fundamental
researh areas, suh as X-ray Astrophysis. The launh of spae vehiles equipped
with sienti observational instruments, the latest state of the art detetors, has
revealed a new Universe, a hot and violent Universe. X-ray Astronomy started with
the disovery that the orona of the Sun is a soure of X-ray photons. Further
researh revealed that the whole sky is illuminated by a diuse x-ray radiation.
This all-sky X-ray emission is now interpreted as a superposition of dierent as-
tronomial X-ray omponents. The rst of these astrophysial X-ray soures is the
Cosmi X-ray Bakground (CXB). This omponent has been resolved into X-ray
point soures. It is now widely aepted, that this CXB is due to an extragalati
population of Ative Galati Nulei (AGN). This extragalati X-ray omponent
learly dominates at energies above 1.0 keV and is desribed by a power-law with
a spetral index (Γ) of -1.4 in the energy range of 1.010.0 keV. At energies below
1.0 keV the x-ray emission is dominated by a sum of galati hot thermal plasmas
of dierent origins, with the strongest ontribution on the very soft x-ray regime
being due to the LB plasma. The present standard model of the LB, based upon
the analysis of data obtained by the ROSAT satellite and on simple theoretial
onsiderations, desribes the LB x-ray emission arising from a plasma with a tem-
perature of ∼ 1.2 × 106 K, an eletron density of 4.5 × 10−3 m−3 and a pressure
of P/kB ∼ 104 m−3 K. This plasma is pervading a avity largely devoid of H i,
with a radius of ∼ 100 p. The Sun is loated lose to its entre. The paradigm of
the LB is based upon the priniple that the astrophysial LB plasma is in a olli-
sional ionization equilibrium (CIE) state. The present thesis was designed to study
the soft x-ray emission below 1.0 keV due to plasmas present in our Galaxy. In
partiular, to study the ontribution of the LB x-ray emission and to nd further
observational features whih ould lead to a onit with the basi piture of the
LB. Some observations point to the existene of suh ontraditions. For instane,
there is observational evidene for the existene of louds and laments of neutral
H, e.g. the Loal Cloud with a pressure of P/kB ∼ 3×103 m−3 K loated within
the LB (P/kB ∼ 104 m−3 K). This huge imbalane in pressure would atually lead
to the destrution of suh louds. Another ontradition is found in observations
performed by the Diuse X-ray Spetrometer (DXS), designed to obtain spetra in
the energy range of 0.150.284 keV, whih showed that the observed spetra are
not onsistent with those predited by CIE plasma models. From a theoretial per-
spetive, it has been argued that the assumption of a CIE for interstellar medium
(ISM) plasmas has serious aws. One is the fat, that no astrophysial mehanism
apable of permanently maintaining the observed range of temperatures is known.
Another is, to neglet that the dynami and thermal evolution of hot plasmas is
oupled. It has been shown that, when the thermal evolution of ISM plasmas is
taken into aount, a wide range of observations an in priniple be unied within
the so-alled non-equilibrium ionization (NEI) plasmas. In partiular, for the LB
it was possible to explain the main observations with a plasma having a tempera-
ture as low as 4.2× 104 K and an eletron density of 2.4× 10−2 m−3. In order to
improve the studies of its emission, an x-ray shadow experiment was performed on
a dark lament of the Ophiuhus Moleular Cloud at a distane of 125 p,
using the unique apabilities of ESA's XMM-Newton satellite, its high eetive area







, it eetively absorbs most of the soft x-ray bakground
below 1.0 keV, whih then allows us to disentangle the x-ray emission originated
within the LB boundaries from other galati hot plasmas. The analysis of the x-
ray shadow experiment on the dark lament shows, that the physial parameters for
the eletron temperature and density (Te, ne) of the LB plasma, derived from the
spetral tting using the CIE ondition, require a Te(LB) = 1.2
+0.67
−0.61 × 106 K and




. This analysis was omplemented with another study
of the x-ray diuse emission in the opposite diretion to Ophiuhus (in diretion
to Taurus). The spetral analysis of the x-ray data in this diretion requires a
Te(LB) = 0.86
+0.16
−0.11 × 106 K and a ne(LB) = 0.016+0.005−0.005 m−3 for the LB. The de-
rived temperatures are very dierent in value and, therefore, do not orroborate the
standard model of the LB. Not only the temperature values are in onit, but also
the eletron densities derived from the present analysis. The values derived for the
eletron densities using the assumption of CIE, are muh higher than these from
older studies performed with the ROSAT satellite data. The present results un-
doubtedly give support for the laim of a revision of the standard model of the LB.
The eROSITA mission (MPE) and future X-ray observatories like XEUS (ESA),
with high spatial and spetral resolution, will provide high quality data. In par-
tiular, they will perform high resolution spetrosopy and onsequently allow to
resolve spetral emission lines present in the spetrum of galati and intergalati
plasmas as well as in extragalati x-ray emission soures. This information is of
fundamental importane to distinguish between CIE and NIE plasmas, and there-
fore, to settle the question of the physial state of the LB plasma. As an example of
the apabilities of these missions, we refer, e.g., that the eROSITA CCD detetors
will operate in the energy range of 0.212 keV, with an energy resolution of 54 eV
at 0.277 keV, of 74 eV at 1.5 keV and of 134 eV at 5.9 keV, reahing almost 100
per ent in terms of quantum eieny in the energy band of 0.310 keV. Therefore
eROSITA is a very important instrument for future studies on the diuse soft x-ray
emission of our Milky Way Galaxy and as well of the rest of the known Universe.
Zusammenfassung
In dieser Arbeit präsentieren wir die Ergebnisse der Analyse der weihen und diusen
Röntgenemission der sogenannten Lokalen Blase (LB), basierend auf Daten, die
im Energiebereih von ∼ 0.27.0 keV vom XMM-Newton Satelliten gesammelt wur-
den. Der spektakuläre Fortshritt in der Weltraumwissenshaft der letzten Jahr-
zehnte hat neue und grundlegende Forshungsgebiete, wie die Röntgen-Astronomie,
erönet. Das Aussenden von Raumfahrzeugen, ausgestattet mit Beobahtungsin-
strumenten auf dem neuesten Stand der Tehnik, hat uns ein neues Universum
oenbart, ein heiÿes und extremes Universum. Die Röntgen-Astronomie begann
mit der Entdekung, dass die Korona der Sonne eine Quelle von Röntgen-Photonen
ist.Weitere Forshung brahte die Erkenntniss, dass der gesamte Himmel von einer
diusen Röntgenhintergrundstrahlung erleuhtet wird. Diese Röntgenhintergrund-
strahlung wird nun als eine Überlagerung vershiedener astronomisher Röntgenkom-
ponenten interpretiert. Die erste dieser astrophysishen Röntgenquellen ist der kos-
mishe Röntgenhintergrund (Cosmi X-ray Bakground, CXB). Diese Komponente
wurde in Röntgen-Punktquellen aufgelöst. Heute wird überwiegend angenom-
men, dass die Ursahe des CXB in einer extragalaktishen Population von Aktiven
Galaktishen Kernen (Ative Galati Nulei, AGN) liegt. Diese extragalaktis-
he Komponente dominiert deutlih bei Energien über 1.0 keV. Sie wird durh ein
Potenzgesetz mit spektralem Index (Γ) = - 1.4 im Energiebereih von 1.010.0 keV
beshrieben. Den gröÿten Teil der Röntgenstrahlung unter 1.0 keV bilden Emissio-
nen galaktisher heiÿer Plasmen untershiedlihen Ursprungs, wobei der Hauptanteil
aus dem weihen Röntgenbereih stammt, der dem LB Plasma zuzushreiben ist.
Das aktuelle Standardmodell der LB, das auf der Analyse von Daten des ROSAT
Satelliten und auf einfahen theoretishen Überlegungen basiert, beshreibt die
LB als ein Plasma mit einer Temperatur von 1.2 × 106 K, einer Elektronendihte
von 4.5 × 10−3 m−3 und einem Druk von P/kB ∼ 104 m−3 K, welhes Rönt-
genstrahlung aussendet. Dieses Plasma erfüllt ein weitgehend staubfreies Raumge-
biet mit einem Radius von ∼100 p. Unsere Sonne bendet sih nahe seines Zen-
trums. Das Paradigma der LB basiert auf dem Prinzip, dass sih das physikalishe
LB Plasma in einem Stoÿionisationsgleihgewiht (Collisional Ionization Equilib-
rium, CIE) bendet. Das Ziel der vorliegenden Arbeit ist es, die weihe Rönt-
genstrahlung unterhalb von 1.0 keV zu untersuhen, die durh in unserer Galaxie
bendlihe Plasmen verursaht wurde. Im Besonderen wollen wir den Anteil der LB
Röntgenstrahlung untersuhen und zu den bereits bekannten noh weitere Merk-
male nden, die im Widerspruh zu dem Standardmodell der LB stehen könnten.
Einige Beobahtungen deuten auf die Existenz solher Widersprühe hin. Es gibt
zum Beispiel wider Erwarten Hinweise für die Existenz von Wolken und Filamenten
aus neutralem Wassersto, so zum Beispiel die Lokale Wolke, die sih mit einem
Druk von P/kB ∼ 3×103 m−3 K innerhalb der LB (P/kB ∼ 104 m−3 K) bendet.
Dieser hohe Drukuntershied würde eigentlih zu der Zerstörung solher Wolken
führen. Ein weiterer Widerspruh fand sih in Beobahtungen, die mit dem Dif-
fusen Röntgenspektrometer (Diuse X-ray Spetrometer, DXS) durhgeführt wur-
den. Es wurde entworfen, um Spektren in dem Energiebereih von 0.150.284 keV
zu erhalten. Die beobahteten Spektren stimmten niht mit denen überein, die
durh die CIE-Plasma-Modelle vorhergesagt wurden. Vom theoretishen Stand-
punkt aus wurde argumentiert, dass die Annahme eines CIE für interstellare Medium
(ISM) Plasmen ernstzunehmende Shwahstellen hat. Eine davon ist die Tatsahe,
dass kein astrophysisher Mehanismus bekannt ist, der es ermöglihen würde, die
beobahteten Temperaturen dauerhaft zu halten. Eine andere Shwahstelle besteht
darin, zu vernahlässigen, dass die dynamishe und thermishe Entwiklung heiÿer
Plasmen miteinander gekoppelt ist.Es ist erwiesen, dass, sobald die thermishe Evo-
lution von ISM Plasmen berüksihtigt wird, eine weite Spanne an Beobahtungen
prinzipiell durh die sogenannten Niht-gleihgewihtsionisations (Non-ollisional
Ionization Equilibrium, NIE) Plasmen erklärt werden kann. Insbesondere für die LB
war es möglih, die wesentlihen Beobahtungen durh ein Plasma mit einer Tempe-
ratur von 4.2× 104 K und einer Elektronendihte von 2.4× 10−2 m−3 zu erklären.
Um die Strahlung der LB genauer zu untersuhen, wurde ein Röntgenshatten-
Experiment an einem dunklen Filament der Ophiuhus Molekülwolke in einer
Entfernung von 125 p durhgeführt, unterstützt durh die hohe Leistungsfähigkeit
des ESA XMM-Newton Satelliten, seiner groÿen eektiven Flähe und seiner hohen
spektralen Auösung. Da dieses molekular Filament Säulendihten im Bereih von
1021 bis 1022 m−2 hat, absorbiert es eektiv das meiste der weihen Röntgenhinter-
grundstrahlung unter 1.0 keV, was uns erlaubt die Röntgenemissionen, die innerhalb
der LB Grenzen ihren Ursprung haben, von denen anderer galaktisher heiÿer Plas-
men zu untersheiden. Die Analyse des Röntgenshatten-Experiments am dunklen
Filament zeigt, dass man durh spektrale Modellierung unter Verwendung der CIE-
Bedingung für das LB Plasma eine Temperatur Te(LB) = 1.2
+0.67
−0.61 × 106 K und




erhält. Diese Analyse wurde durh eine an-
dere Studie der diusen Röntgenstrahlung, in der OPHIUCHUS entgegengesetzten
Rihtung (in die Rihtung von TAURUS), ergänzt. Die Spektralanalyse der Rönt-
gendaten in diese Rihtung ergibt für die LB ein Te(LB) = 0.86
+0.16





. Die daraus für das Plasma erhaltenen Temperaturwerte
untersheiden sih stark von den in Rihtung OPHIUCHUS gewonnenen Werten
und bestätigen somit das Standardmodell der LB niht. Niht nur die Temper-
aturwerte stehen im Widerspruh, sondern auh die der Elektronendihten, die aus
der vorliegenden Analyse abgeleitet wurden. Die Werte für die Elektronendihten
unter Verwendung der Annahme des CIE sind viel höher als die Werte älterer Stu-
dien, die anhand von ROSAT Satellitendaten durhgeführt wurden. Die gegenwär-
tigen Ergebnisse unterstützen unzweifelhaft die Forderung nah einer Revision des
Standardmodells der LB. Die eROSITA Mission (MPE) und zukünftige Röntgen-
Observatorien wie XEUS (ESA), mit hoher eektiver Flähe und hoher spektraler
Auösung, werden dafür qualitativ hohwertige Daten liefern. Im Besonderen wer-
den sie hoh auösende Spektroskopie ermöglihen und dadurh erlauben, spektrale
Emissionslinien, vorhanden in Spektra galaktisher und intergalaktisher Plasmen
sowie extragalaktisher Röntgenquellen, genauer aufzulösen. Diese Information ist
von fundamentaler Wihtigkeit, um zwishen CIE und NIE Plasmen zu untershei-
den und folglih auh, um die Frage des physikalishen Zustands des LB Plasmas
endgültig zu klären. Als Beispiel der Leistungsfähigkeit dieser Missionen verweisen
wir darauf, dass z.B. die eROSITA CCD Detektoren in einem Energiebereih von
0.212 keV operieren werden, mit einer Energieauösung von 54 eV bei 0.227 keV,
mit 74 eV bei 1.5 keV und 134 eV bei 5.9 keV, wobei sie eine annährend hundert-
prozentige Quantenezienz im Energiebereih von 0.310 keV erreihen. Damit ist
eROSITA ein sehr wihtiges Instrument für zukünftige Untersuhungen der diusen
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The Englishman Thomas Wright was one of the rst to postulate a struture for the Milky
Way. In his "An Original Theory or New Hypothesis of the Universe" (1750) Thomas Wright
presents the hypothesis that the Milky Way is a spherial thin shell of stars. The apparent
struture form would be the result of observing in dierent diretions through the shell of stars.
By looking along a tangent plane an observer would see many starsThe Milky Wayand by
looking perpendiular to it muh less.
 ... the ISM is like the oean of a galaxy, a uid onned by
gravity to a thin layer, and serving as a reservoir for all of the
material in the stars and planets that will ever form, evolve, and
disperse."
Physis Physis Physis PhysisPhys Brue G. Elmegreen [1℄
In the anient world a great number of myths ourished to explain the Universe. The
anient Greek ivilization, one of many ivilizations fasinated by the sky, developed
elaborated myths to explain its origin and dynamis. In their mythology it was the
milk from Goddess Hera's breast nourishing the Milky Way. It took about two
millenia for the human thought to hange from a purely mythologial vision of the




The real departure from the magi understanding of the World, and in partiular
1
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entury a huge amount of astrophysial data was gathered and a theoretial
framework appeared to interpret it. Only then, it was possible to takle some issues
regarding the physial proesses taking plae in the Milky Way Galaxyby then,
already an island universeand in a larger extent, in the Universe.
In the modern astrophysial ontext, the Milky Way Galaxy is a physial system
of extreme omplexity. A truly understanding of the myriad phenomena taking plae
in it is of paramount importane, if we desire to know how the Galaxy as a whole
works and interats with its surroundings.
1.1 The Milky Way Galaxy
Over the last deades astronomers have olleted substantial information about the
Milky Way Galaxy, whih has allowed them to elaborate a model of its struture
and omposition. Without going into great detail, a brief desription of the present
understanding of our Galaxy's morphology is given.
The Milky Way Galaxy is most easily dened by its optial ontent. This ontent
is formed by stars.
1
They are found to agglomerate in a dis struture and in globular
star lusters surrounding the stellar dis. These latter stellar systems form the so-
alled stellar halo omponent.
Dierent astronomial investigations have revealed that, in fat, the dis stru-
ture is omposed by stars with dierent ages, speeds and hemial ompositions, see
e.g., Carroll and Ostlie [2℄. These studies have shown, that these distint stars are
assoiated with dierent diss. Three stellar dis strutures have been identied:
A dis omposed of young stars with a vertial sale height of Z ∼ 50 p, where
the urrent star formation ours, is alled the young thin dis. There is another
thin dis, but omposed by older stars with a vertial sale height of Z ∼ 325 p,
alled the old thin dis. Finally, there is a dis made of muh older stars, reahing
a vertial sale height of Z ∼ 1.4 kp (1 kp ≡ 1000 p2) denominated as the thik
dis. These diss form the galati dis, whih is a thin and fast rotating struture,
onsisting mainly of young and intermediate age stars. The stellar halo omponent
is omposed by very old stars and star lusters, a slowly rotating spheroid, gravitat-
ing the Milky Way Galaxy dis. Besides the stellar halo spheroid, there are other
two spheroid omponents in the enter of the Galaxy. The rst is the bulge, pri-
marily made of old stars and with a sale height of Z ∼ 2 kp. The seond, within
the bulge, is the nuleus. If we ignore the ontribution of matter lling the spae
between the stellar uid omponent of the Galaxy, this is the visible ontent of the
galaxy, made of known matterthe baryoni matter.
There is, however, plenty evidene, that some form of matter, of undened
nature, is present in the Galaxy and in other galati systems. This type of matter
only manifests itself by the gravitational pull on normal matter. This is the non-
baryoni matter or the dark matter. The rst suggestion of unseen matter was
1
H ii regions are also visible in the optial through the emission of Balmer lines.
2
1 p = 3.0857×1018 m
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done by Zwiky [3℄ to explain the stability of the Coma luster. Later studies
on the rotation urves of galaxies showed, that the visible matter was insuient
to explain these rotation urves. An invisible matter was invoked to explain their
rotation urves anomaly. Until today all attempts to detet it diretly have failed.
3
This hidden omponent is thought to have a spherial distribution around the
enter of the Galaxy. From the point of view of the Galaxy, the dark matter ontent
is only important for understanding the dynamis and the formation of the Galaxy.
Therefore in the present work, there will be no attempt to desribe the interation
between the dark matter ontent and the baryoni ontent, for suh is far beyond
the sopes of this work.
The stellar dis ontent was found to ow through another and tenuous galati
omponent, the interstellar medium (ISM), made of gas in dierent physial phases,
of dust and of Cosmi Rays (CRs).
The rst indiation that what we now all the ISM, was, indeed, a medium
with matter and not a perfet vauum, was the disovery of stationary absorption
lines of ionized alium (Ca ii) in the spetrum of the spetrosopi binary δ Orion,
Hartmann [6℄. It only beame lear that these lines were of interstellar origin and
not of irumstellar origin after the work of Plaskett and Peare [7℄. By the time,
with the development of better observational tehniques, it beame lear that the
spae between stars was far from being empty. Signiant quantities of very tenuous
material in homogeneously lled the interstellar spae. The interstellar matter was
found to exist in the form of gas and dust, mainly due to the way they aet the
propagation of light in the interstellar spae.
The ISM is the gas reservoir of galaxies, albeit it onstitutes only a small fration
of their total mass. A perentage between 15 to 20 per ent of the Galati dis
mass rests in the interstellar medium reservoir. From this mass half is lumped
into louds, whih only oupy 1 to 4 per ent of the total interstellar volume. The
rest of its mass is distributed over the entire Galaxy, following approximately the
distribution of the stellar ontent.
In order to put the present work into ontext, there is the need to desribe in
some detail, the present understanding of the ISM. The next setion is a general
and qualitative desription of the ISM, mostly, from an observational point of view
and foused on the hot ISM omponent. The remaining setions are onerned to
give a brief desription of several modern onepts of the ISM, viewed from a loal
to a more global Galati perspetive.
1.2 The observational ISM
From the beginning of last entury to the present days, a huge set of observations has
revealed, that the diuse ISM is a very omplex physial system. These observations
have shown that the ISM is omposed by three distint and intermixed physial
3
There is a reent laim of an empirial detetion" of dark matter, see Clowe et al. [4℄. Others
authors, Brownstein and Moat [5℄, have seen evidene for a revision of the model used for the
gravity.
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Figure 1.1: The Carina Nebula. From this image we an get a glimpse of the omplex
interation between the three ISM phases. The dierent phases oexist simultaneously,
with their dierent boundary regions dened by disontinuities of physial variables, suh
as temperatures and densities. This olor image ombines many exposures from Hubble
Spae Telesope's Advaned Camera for Surveys and NOAO/AURA/NSF Cerro-Tololo
Interamerian Observatory's (CTIO) 4m Blano Telesope and MOSAIC2 amera. Red
orresponds to sulfur, green to hydrogen, and blue to oxygen emission.
© NASA, ESA, N.
Smith (University of California, Berkeley), and the Hubble Heritage Team (STSI/AURA).
phases, reeting dierent thermal and ionization strutures. Presently, it is known
that, the ISM is omposed by a multi-phase state, with a old, a warm and a hot
phase omponent.
In gure 1.1 a region of the Carina Nebula is shown, where the three-phase ISM
oexists in a omplex and deliate interation. In this image one an have a glimpse
of the myriad phenomena taking plae in the ISM, in partiular, of the presene of
all dierent gas phases, from the old dark louds to the very hot ejeted material
from the Eta Carina Wolf-Rayet star (WR). The Eta Carina is a highly luminous
and unstable star, with more than 100 M⊙, showing ejeted hot material with a
bipolar form.
The typial values for the temperature and density, observed in our Galaxy, for
the ISM phases are summarized in table 1.1. These dierent values were ompiled
from dierent soures. Even if these values dier slightly, they have, however, the
same order of magnitude.
1.3 The Cold ISM phase
The rst of the three ISM phases is the old phase. In this phase we nd moleular
material, mainly in the form of moleular hydrogen (H2), and neutral material in
the form of atomi hydrogen (H i).
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Table 1.1: Categorization of the Interstellar Medium: Typial values for the temper-
ature and density in the multi-phase galati ISM. Table adapted from dierent soures.
(1) taken from Dopita and Sutherland [8℄, (2) taken from Ferrière [9℄ and (3) from Bland-
Hawthorn et al. [10℄. Some nomenlature regarding the dierent ISM phases: Cold Mole-
ular Medium (CMM), Cold Neutral Medium (CNM), Warm Neutral Medium (WNM),
Warm Ionized Medium (WIM), Hot Ionized Medium (HIM).






Phase I - CMM
H2
(1) ∼ 10− 75 ∼ 20− 2500 ∼ 5000
H2
(2) 10− 20 102 − 106 ∼ 1000
H2
(3) 15 200 ∼ 3000
CNM
H i
(1) > 100 ∼ 20− 60 ∼ 4000
H i
(2) 50− 100 20− 50 ∼ 2600
H i
(3) 120 25 3000
Phase II - WNM
H i
(1) ∼ 6000 ∼ 0.3− 1.0 ∼ 3600
H i
(2) 6000− 10000 0.2− 0.5 ∼ 2800
H i
(3) 8000 0.3(∗) 2400
WIM
H ii Regions
(1) ∼ 8000− 12000 ∼ 0.15− 1.0 ∼ 10000
H ii Regions
(2) ∼ 8000 0.2− 0.5 ∼ 5600
H ii Regions
(3) 8000 0.15 ∼ 2400
Phase III - HIM
H ii
(1) ∼ 105 − 106 ∼ 10−3 − 10−2 ∼ 10000
H ii
(2) ∼ 106 ∼ 6.5 10−3 ∼ 13000
H ii
(3) ∼ 106 ∼ 2.0 10−3 ∼ 4000
(∗)
Value unertain by at least a fator of 2.
1.3.1 Moleular gas
This old material is seen in absorption, but an also be traed by using indiret
methods, suh as the radio emission of moleules, like arbon monoxide. The typ-
ial orders of magnitude for the temperature and density, for the moleular om-




, respetively, with a vertial galati sale height
Z ∼ 65 p [11℄. The range of the observed values for these parameters an be found
in table 1.1. Although this omponent represents a very small fration of the total
volume of the ISM, it represents ∼ 30 to 60 per ent of its total mass. In general, this
omponent is found in moleular louds, bound by their self-gravity, with some of
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their dense ores in gravitational ollapse, breeding a new generation of stars. Most
of the information of this old omponent has been inferred from radio observations
of the arbon monoxide (CO) moleule, whih is a good traer of the old material
found in the moleular H2 form.
More reently, ultraviolet absorption line studies of this old material have
gained a new impetus with the launh of the Far Ultraviolet Spetrosopi Explorer
(FUSE), in ontinuation of studies performed with the Copernius satellite. These
absorption studies are possible, beause the H2 moleule, in its eletroni ground
state, has many absorption lines in the ultraviolet (e.g., 900 Å - 1130 Å). In a reent
survey [12℄ to high galati latitudes, H2 was deteted in most of the lines of sight.
The measured H2 olumn densities range from 10
14 − 1020 moleules m−2. These
moleular material is normally designated by the aronym of CMM, meaning Cold
Moleular Medium.
1.3.2 Neutral atomi gas
The seond old omponent is found in the form of neutral atomi hydrogen (H i),
and is seen most readily in absorption. The absorption signature is better studied
at the radio wavelength of 21-m, using the H i veloity line proles. In partiular,
the absorption at 21-m, produed by the old H i, is ompared with the emission
of 21-m bakground.
This atomi omponent is extremely inhomogeneous, being onentrated in
dense sheets, laments or shells, oupying 1 to 4 per ent of the total ISM vol-
ume. Most of this old H i is found lose to the galati mid-plane, forming a
gaseous dis about 300 p thik [11℄, roughly half of the height of the stellar dis
of the Milky Way. However, sine Lokman [13℄ it is known, that the H i reahes
sale heights of about 1 kp in the inner regions of the Galaxy, maintaining a on-
stant value until the Sun position, about 8 kp from the Galati enter, whih is
known as the Lokman layer. In ontrary to the moleular louds, this material
is not gravitationally bound. Neutral old gas is also found in the halo, with a
veloity dispersion of 60 kms
−1
, and at a sale height of the order of 4.4 kp [14℄.
This old material has typial temperatures T ≃ 100 K and densities of the order of
∼ 10 m−3. Again, table 1.1 shows typial values for this old H i. To this physial
omponent normally the designation of old neutral medium (CNM) is attributed.
1.4 The Warm ISM phase
The seond phase of the ISM is omposed by warm material. In this phase we nd
warm H i and warm ionized hydrogen (H ii).
1.4.1 Warm atomi gas
The warm H i is most easily deteted through its 21-m radio emission. This warm
hydrogen oupies a reasonable fration of the total ISM volume, ∼ 30 per ent. A
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typial value for the density is > 1.0 m−3 and T ∼ 6000−10000 K. This warm H i is
found mainly in photodissoiation regions. For a review on photodissoation regions
see the artile from Hollenbah and Tielens [15℄. This phase is a major radiative
energy sink, sine the heating requirements are onsiderable. This warm material is
usually named as the warm neutral medium or simply WNM.
1.4.2 Warm ionized gas
The presene of ionized hydrogen (H ii) in the Galaxy has for a long time been
assoiated with the so-alled Strömgren spheres [16℄. The Strömgren spheres are
surrounding photo-ionized regions assoiated to the intense radiation photon elds
from early type OB stars. These early type stars produe tremendous amounts
of ultraviolet radiation apable of ionizing the H i atoms, therefore produing the
Strömgren spheres. The sizes of the Strömgren spheres are determined by the posi-
tion at whih the rate of reombination equals the rate of photoionization.
For some time this phase was thought to be loated on the interfaes between
the old H i louds and the really hot oronal gas. We now know, that these
Strömgren H ii regions represent only about 10 per ent of the ionized hydrogen
in the Galaxy. In fat, about 90 per ent of this diuse ionized hydrogen is found
in the form of a warm (∼8000 K), low density (∼0.16 m−3), fully ionized regions,
lling about 20 per ent of the ISM volume within a 2 kp thik layer about the
Galati plane [17, 18℄. The idea of the existene of a warm, diuse and extended
layer of H ii, surrounding the Galati dis, was put forward by Hoyle and Ellis
[19℄ to explain some peuliarities on the Galati synhrotron emission bakground
in the low radio frequenies range. Diret evidene of this phase only ame with
the disovery of pulsars and with studies of the dispersion measures of the eletron
density. This warm ionized medium (WIM), also known as the Diuse Ionized
Gas (DIG), is now reognized as a major omponent of the interstellar medium.
The spae average mid-plane density of the WIM, determined by dispersion
measurements (DM ≡ ∫ nedl) toward pulsars, is ≃ 0.03 m−3. The olumn density
of H ii towards these pulsars is 0.8 - 1.4 × 1020 m−2. When ombined with the
mid-plane density, this gives a sale height of ≃ 1 kp. While in the Galati mid-
plane, the spae average density of H ii represents less than 5 per ent of that of
the H i, the large sale heights of the H ii mean that, the total olumn density of
H ii may represent between 25 to 50 per ent of that of the H i, implying that at
∼ 1.0 kp the H ii may be the predominant gas. Neither the soure of ionization, nor
the relationship between this gas and other omponents of the medium (e.g., H i)
is really understood. The inferred average ionization rate from the high Galati
latitude Hα bakground is 5 × 106 H-ionizations s−1 per square entimeter [20℄,
whih implies an energy input of 10−4 erg s−1 m−2. The H ii was also observed
to be present in a large sale in our own Galaxy [21℄, now known as the Reynolds
layer. The temperature of the Reynolds layer is T ∼ 6000 K and it has an average
density of ∼ 0.3 m−3. In terms of volume this represents 15 per ent of the total
ISM volume. As for the warm neutral hydrogen, the heating proess of the Reynolds
layer is onsiderable of the order of 10−24 erg m−3 s−1. However, the nature of the
heating soure is still unertain. Observations performed on external galaxies have
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shown that there is also a diuse, extended warm omponent, oupying laments,
louds, bubbles and himneys. This an be seen in Hα and in other optial lines.
More reently, the same kind of strutures has also been observed in the Milky Way
Galaxy [22, 23, 24, 25℄.
1.5 The Hot ISM phase
The third phase of the ISM is omposed by hot gas. The most usual designation
for this phase is the hot interstellar medium or HIM. The rst diret indiation
of the presene of a widespread hot gas was given with the disovery of diuse
emission in soft x-rays (< 1 keV), by Bowyer et al. [26℄. In 1974 Jenkins & Meloy
and York observed with the Copernius satellite absorption lines of O vi
4
(at
1031.93 Å and 1037.62 Å) in many lines of sight, due to a hot interstellar gas. Other
absorption lines produed by N v and C iv ions, have also been deteted. Inoue
et al. [27℄, Shnopper et al. [28℄ and, more reently, Sanders et al. [29℄ have laimed
the detetion of x-ray emission lines from the interstellar ions of O vii, O viii and
other ions. Another strong onrmation of the presene of hot gas in the halo of
the Galaxy ame with the launh of the Röntgensatellite [30℄ (ROSAT) and the
observation of x-ray shadows in the soft energy bands, i.e. C band [100 - 300℄ eV,
[31, 32℄. The assumed temperature for this phase ranges from 105 to 106 K. The
density of this gas is < 10−2m−3 with a sale height of Z ∼ 2.4 − 5.0 kp [11℄. These
temperatures are assumed to be maintained by onseutive supernova explosions and
by violent stellar winds. Stellar photons, even from OB stars, annot ionize the gas
to suh high ionization degrees. For example, to ionize O v into the O vi ion requires
a photon with an energy of 113.9 eV (T ∼ 1.32 × 106 K), an energy that stellar
photons do not possess.
Collisional ionization is the physial mehanism assumed to be responsible for
ionizing the gas. Sine in ollisional ionization equilibrium (CIE)
5 106 K gas has
a long ooling time, it an oupy a onsiderable fration of the total volume of
the ISM. In the galati plane, this ionized gas is relatively onned mostly within
giant H ii shell regions, supernova remnants and superbubbles  large multi-SN
omplexes. There, it beomes observable in soft x-rays. The buoyany eets tend
to bring this ionized gas through hannels, surrounded by the denser and ooler
ISM, in what it is alled galati himneys.
In the halo and after ooling down, it an be deteted in the ultraviolet (UV)
by absorption of highly ionized speies (e.g., C iv, Si vi, N v and O vi, just to
mention the most important) against distant and bright bakground soureslike
early-type O and B stars or quasars. The sale height of O vi above the dis is very
high, from 2.3± 0.4 kp [33℄. However, a reent analysis on the distribution of O vi
in the gaseous Galati halo has shown, that the sale height of this ion may range
from 1.0 and 10.0 kp [34℄.
4
In spetrosopy ionization stages are ounted in Roman numerals, starting with I for neutral
atoms, II for simply ionized ions, and et.
5
See Chapter 2.
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Figure 1.2: ROSAT PSPC All-Sky Survey maps ompleted. The energy range of 0.1-
0.4 keV (R1+2) was oded as red, the energy interval of 0.5-0.9 keV (R4+5) as green, and
the energy band of 0.9-2.0 keV (R6+7) as blue.
© M.J. Freyberg, R. Egger (1999),
Max-Plank-Instituts für extraterrestrishe Physik (MPE).
For ions with low ionization potentials it is still higher, 3.9 ± 1.4 kp for the
N v (77.5 eV), 4.4± 0.6 kp for the C iv (47.9 eV), and 5.1± 0.7 kp for the Si iv
(33.5 eV) [33℄. The inrease of the sale heights of the ion sequene, O vi, N v, C iv
and Si iv provides information about the hange of ionization state of the gas with
distane from the Galati plane. Several hybrid models were developed to try to
explain these observational results. In the model of Shull and Slavin [35℄ the highly
ionized ions at low |Z| are mainly produed by isolated supernova remnants (SNRs),
while those at high |Z| are found in radiatively ooling superbubbles that break-up
through the dis. In the ase of the hybrid model proposed by Ito and Ikeuhi
[36℄, the ionization struture is the result of hot ollisional ionized gas due to the
Galati fountain ow in onjuntion with photoionization from the extragalati
bakground.
Bowen et al. [37℄ using the FUSE satellite in onjuntion with the Copernius
data found, that in the mid-plane the average density of O vi is 1.7 × 10−8 m−3.
Perpendiular to the plane, Savage et al. [38℄ found a pathy struture for the O vi
ion, with the olumn density ranging from 0.6 × 1014 to 3 × 1014 m−2. The large
values were mostly observed in the northern sky. The median values observed in the
northern and southern skies were 1.8× 1014 and 1.1× 1014 m−2, respetively.
In gure 1.2 the ROSAT All-Sky Survey maps are presented, showing the x-
ray emission, whih traes the very hot ISM phase omponent. The x-ray emission
assoiated to ISM gas with temperatures (kBT) in the range of 0.1 - 0.4 keV, is shown
in red. The x-ray emission, olor oded in green, traes hot plasma, emitting in the
0.5 - 0.9 keV energy range. The blue olor was assoiated to the x-ray emission in
the 0.9 - 2.0 keV energy band.
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1.6 Conepts of the ISM
Several onepts of the ISM have been developed to aommodate the available
observational data from the last ve deades. The rst suggestion of the presene of
dierent phases in the ISM was made by Spitzer [39℄, who postulated the existene
of a Galati hot orona to onne the observed H i louds at high Galati latitudes.
The rst real advane in understanding the ISM as a physial system with mul-
tiple omponents was done with the work of Field et al. [40℄. In their work the ISM
is an ensemble of two gas phases, whih are in thermal pressure equilibrium with
a mean pressure of p/kB ≈ 1000 K m−3. The old gas phase was assumed to be
in old moleular louds, with mean densities n ∼ 100 m−3 and temperatures of
T ∼ 10 K, embedded in a diuse and warm, partially ionized, interloud medium.
The derived density and temperature values for this warm phase were n ∼ 0.1 m−3
and T ∼ 104 K, respetively. When this theoretial model for the ISM was proposed
by Field et al. [40℄, it represented a great advane in understanding the ISM, be-
ause it ould explain all available data. All available observational data had been
obtained in the radiothrough the 21-m radio emission lineand at optial wave-
lengths. However, soon after, a new set of observations showed, that this onept
was inomplete.
Measurements of the soft x-ray bakground (SXB) [41℄ and the presene of
ubiquitous O vi absorption lines [42, 43, 44℄ required large amounts of hot and
low density gas in the dis of the Galaxy. Another observational evidene for the
presene of very hot gas in the ISM was the detetion of the emission line of Fe xiv
from the Cygnus Loop region [45℄, requiring a temperature of about 2 × 106 K for
the gas.
MKee and Ostriker [46℄, supported by these observations, indued a oneptual
hange on the ISM paradigm. In their model, the ISM is an inhomogeneous loudy
medium, heated to very high temperatures in loal regions by supernova explosions.
These explosions evaporate louds, whih will alter the evolution of the supernova
remnants. During this proess the temperature of the hot gas dereases as it ex-
pands, and it gains mass. As the density inreases as a result of loud evaporation,
the radiative losses inrease with ontribution of radiation oming from the on-
dutive interfaes between the louds and hot gas. The highly ionized O vi ion,
observed in absorption, would then arise from these ondutive evaporating layers.
Finally, this hot gas is able to radiate the supernova energy when the temperature
has dropped to a few hundred thousand Kelvin. Conservation of mass and energy
determine the density and temperature of the hot medium, with typial values of
∼ 0.003 m−3 for density and ∼ 5 × 105 K for the temperature. The outer layers
of the louds, subjeted to intense UV and soft x-ray radiation elds, would then,
ionized, provide the warm (∼ 104 K) and neutral omponents of the ISM. In this
model the ISM is omposed by three thermal omponents, a three phase ISM.
A few years before Cox and Smith [47℄ had studied the impat of isolated su-
pernovae remnants, with an initial energy of ∼ 4× 1050 ergs, expanding in a homo-
geneous interstellar medium with an ambient density of n ∼ 1.0 m−3. They found,
that during the early expansion of the remnant, a diuse and heated material would
1.7. STELLAR FEEDBACK 11
be formed inside the shell remnant. The temperature assoiated with this hot gas
was found to be of the order of T ∼ 106−108 K. This model predited that, the hot
gas would radiate hard UV and x-ray photons for a period of ∼ 4× 106 years.
Two deades later Slavin and Cox [48℄ elaborated a dierent model for the
ISM. In this model suh disruptive events like supernovae were isolated events,
ourring in the warm ISM phase. These atastrophi events did not disrupt the
warm medium, as argued by MKee and Ostriker [46℄, and the O vi, found in
absorption line studies, ould be explained by the existene of old and invisible
remnants. More reently, a huge amount of work has been done by de Avillez and
Breitshwerdt [49℄ and de Avillez and Breitshwerdt [50℄ to study the prodution of
O vi using numerial magnetohydrodynamis (MHD) simulations, see §§ 1.8.2.
In the following subsetions a brief desription of the astrophysial mehanisms,
responsible for reating the warm and hot phases, as well as for shaping their evo-
lution, is presented.
1.7 Stellar Feedbak
The main physial mehanisms of energy input into an ISM are the stellar mass loss,
e.g. stellar winds, a rather onstant ultraviolet photon eld due to O and B stars,
jets, and supernova explosions.
All types of stars, in dierent degrees, ontribute to transfer energy into the ISM
in the form of stellar winds. But, by far, the most important ones, produing strong
winds, and therefore produing a big impat on the ISM, are the early-type O and
B stars. These stars have strong winds, whih give rise to extended hot bubbles due
to the shok between the stellar winds
6
and the surrounding ISM. When this energy
is integrated over their main sequene lifetime, this energy output orresponds to
30 per ent of the energy released by a type II supernova. These same stars also
produe a huge amount of energeti photons, having their emission peak in the UV
domain, injeting a substantial amount of energy on the reation of H ii regions.
However, by far the most eient energy and momentum input into the ISM are






The early-type OB stars produe UV photons, beause their blak body emissivity
peak intensity is in the UV spetral region, whih reets their high surfae tem-
6
Mehanial wind luminosity of the order of 10
36
erg is a typial value for the energy output
rate of stellar winds, produed by early type stars (OB).
7
Ours when the mass deposited in the surfae of a white dwarf or neutron star (whih is
part of a binary system) exeeds the Chandrasekhar limit and begins to burn arbon degenerately,
ausing an explosion.
8
Type II supernovae our when the iron ore of a massive star ollapses due to gravity. This
auses the outer layers to fall inwards, boune o the ore, and explode outwards as a supernova.
Type II supernovae are haraterized by the lak of hydrogen lines in their spetrum. Type II
supernovae are also haraterized by the emission of neutrinos (produed by the ollapsing ore of
the star) just before the explosion.
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peratures (T ∼ 20000 - 50000 K), see e.g. [51, 52℄. These UV photons have a big
impat on the surrounding medium of the star, beause they have energies able to
ionize the H i and even the He i atoms. Photons with energies ≥ 13.6 eletron Volts
(eV) (λ < 912 Å) ionize the H i and photons energies ≥ 24.6 eV (λ < 504 Å) ionize
the He i. These atoms are photoionized by these energeti UV photons, reating the
so-alled Strömgren sphere around the O or B star, an astrophysial phenomenon
that was rst investigated by Strömgren [16℄.
The volume attainable by these photoionization H ii systems depends on the
distane from the star at whih the rate of reombination of H ii with eletrons,
equals the rate of photoionization and the ambient density. The distane of the












where the radiative reombination oeient α = 3 × 10−13 m3 s−1, S49 is the
number of photons able to ionize the H i in units of 1049 photons per seond, and n
is the ambient density in units of 1 partile per m
3
.
The number of photons, able to ionize the H i or He i, have been investigated
by several authors, for instane Panagia [51℄, Sternberg et al. [52℄ or more reently
by Smith [53℄. With this information we an estimate the amount of energy (E)
transferred into the ISM around an early-type star. Eah of the photons (S49) has
an energy of 13.6 eV. Therefore, we an integrate this ux of photons over the star
main-sequene lifetime (τms), to nd, that the total radiated energy is
E = 6.86× 1051 S49 τms erg (1.2)
with τms in units of 10
6
years. As an illustrative example, the energy input from
a B0 v star is 3.1×1051 erg, with S49=0.05 [53℄ and τms = 9 [54℄. The radiative
feedbak of these early-type stars, amounts to 1051-1052 erg whih is omparable to
the kineti energy of typial SN explosions. The estimated energy deposition of suh
a star in the Galati volume
9
is 2.6×10−30 erg s−1 m−3. Abbott [55℄ has estimated
the total amount of ionizing radiation, due to early type stars, in the Galati dis
to be ∼ 1.6 × 10−25 erg s−1 m−3. In another words, the transfer of the photon
energy into kineti energy of the gas is . 1 perent.
1.7.2 Stellar Winds
For more than thirty years it is known that, when stars are above ertain luminosity
thresholds they start to have winds, driven by radiation. A reent review on this
subjet an be found in the artile of Kudritzki and Puls [56℄. For stars of interme-
diate and low mass (M ≤ 8 M⊙), when they evolve through the post-AGB phase
towards the white dwarf nal stage, an analogous threshold exists. For this kind of




The Galati volume is assumed to be given by the ylinder of
[
π(15 kpc)2 × 2× 0.1 kpc].
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wind is also present. The terminal veloity of suh a wind is a funtion of the ee-
tive temperature of massive stars, with some dependene on the luminosity lass.
The wind values an range from 3200 km/s for O3 V stars to 160 km/s for A1 Ia
stars. Therefore, it is expetable that these stellar winds have a strong impat on
the surrounding ISM. The study of the impat of stellar winds in the ISM started
with the work of Dyson and de Vries [57℄. This work has shown that a bubble,
surrounding the star, will be formed.
The struture and evolution of stellar wind-bubbles (SWB) have been investi-
gated in greater detailin the lassial papers of Castor et al. [58℄ and Weaver
et al. [59℄, respetively. These authors have obtained analyti and numerial solu-
tions for the initial adiabati stage, for the intermediate, and for the late stage of
strong radiative ooling stellar winds.
The basi assumptions of the stellar wind are a steady outow and spherial
symmetry. In this model, the struture of the bubble is mainly determined by the
wind luminosity Lw, whih is a funtion of the star mass loss M˙ and the wind veloity





This wind then ollides with a homogeneous ISM with a partile density n0. In
the ase analysed by Weaver et al. [59℄, the SWB is produed by an O7 i type
star, with a M˙ = 10−6M⊙, where M⊙ means one solar mass, and with a vw =
2000 km s−1, embedded in an ISM with a n0=1 m
−3
. The former values imply a
Lw ≃ 1.3× 1036 erg s−1.
Their analysis has revealed that ira 10
6
years after the initial wind outow,
a multi-layer wind bubble will be formed. This multi-layer bubble struture is
omposed of four regions. In gure 1.3 the stellar wind bubble struture due to
Weaver et al. [59℄ is depited.
In an evolved SWB system, the rst region (A) is the zone immediately adjaent
to the star. In region A the wind expands freely, maintaining a onstant temperature,
but with dereasing partile density. After 10
6
years the region A has expanded to a
radius of 6 p, where it enounters a shok front R1 of hot gas, moving in the opposite
diretion. Region B is omposed by gas from the wind, that has been heated by the
shok front at R1, reating a layer with a radius of about 22 p from hot gas. The
prevailing physial onditions of this hot gas are a temperature lying in the interval
of 10
4.7
to ∼ 107 K, and a partile density from about 10−4 to ∼ 10−1 m−3. Region
C is a shell of interstellar and heated gas, swept up by the shok wave, where ionized
hydrogen H ii is found. This region is separated from the ambient and undisturbed
ISM by the shok front R2, and from the hot wind by the disontinuity layer Rf.
After one million years, the shok front R2 has reahed a radius of about 27 p.
The thikness of the disontinuity layer R
f
depends on physial eets, suh as
the thermal ondutivity and evaporation at the interfae between the hot and old
gas. If these eets are taken into aount, then an interfae layer will be formed.
The struture of this interfae layer is governed by eletron thermal ondution of
heat from region B into the region C. Within this interfae layer (R
f
) at a distane of
∼ 2 p from the shell of warm H ii (region C) the gradient temperature varies steeply



























































Figure 1.3: Stellar Wind
Bubble. The two left plots show
the alulations performed by
Weaver et al. [59℄ to study
a typial stellar wind bubble,






, and embedded in an




show the temperature (T) and
density (n) proles for suh a
wind bubble, after evolving over
10
6
yrs. Four shells are reated
in a stellar wind bubble. Re-
gion A is the zone where the
wind expands freely. Region B
orresponds to hot gas, heated
by the termination shok wave
R1. In between this hot gas
region and the H ii shell, re-
gion C, a ondution front (CF)
transports the heat, if the phys-
ial eets of ondutivity and
evaporation are onsidered.
from ∼ 106 to 104 K. In this interfae layer, highly ionized speies are present. Due
to ollisional exitation of this ions, about 40 per ent of the ondutive heat ux is
radiated away in this zone. The remaining 60 perent are employed in evaporating
the material of region C. If the eets of thermal ondutivity and evaporation are
not onsidered, then this interfae layer ollapses into a ontat disontinuity.
The evolution of SWB is omposed by three stages. In the rst stage, the
bubble expands so fast, that radiative losses of the gas are negligible, whih allows
the system to evolve adiabatially. In the seond evolution stage of the SWB system,
energy losses in the region C beome omparable to the energy input of the stellar
wind. The material from this region ollapses due to radiative ooling, forming a
warm shell. This shell is observable as a ring emission nebula in the optial and
radio. In the third and nal stage, region B is redued to a thin layer, and the free
expanding stellar wind interats diretly with the swept up interstellar gas in region
C.
1.7.3 Supernova explosions
Stars with masses M & 8M⊙ injet energy into the ISM through the photoioniza-
tion proesses and through their strong stellar winds, during a relatively long time,
as seen in the previous §§ 1.7.1 and §§ 1.7.2. They also injet a tremendous en-
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ergy instantaneously, by the end of their evolutionary life, when they ollapse and
subsequently explode as supernovae.
During a supernova explosion (SNe) a typial energy of 1053erg is released. From
this energy only one per ent (1051erg) is transformed into mehanial energy. The
energy of 1051erg provides the kineti energy to form a supernova remnant (SNR),
to govern its expansion and to heat the SNR interior. The remaining 99 per ent of
the energy of the SNe is radiated away in the form of neutrinos. It was estimated
[e.g., 60℄ that an average energy of 1042 erg s−1 is released by SNe into the ISM of
our Galaxy.
The evolution of a SNR an be divided into four phases [61℄. The work from
Cowie et al. [60℄ has been used here, to show the several evolution phases of a SNR,
see gure 1.4.
In the initial phase the SNR expands freelythe free expansion (FE) phasewith
the expansion rate ontrolled by the onservation of the kineti energy. This phase
lasts only ∼100 to 1000 years, until the moment, when the mass of the SNR exeeds
the ejeted mass (Mejec) of the progenitor star. During this phase the radius and
veloity of the SNR are desribed by the following equations,











When the amount of irumstellar material, swept-up by the shok front, equals
the ejeted mass, then the dynamis of the SNR enters a dierent evolution phase:




















where µ is the mean mass per partile, and n0 is the partile density in units of
m
−3
of the ambient ISM. E51 is the energy of the supernovae in units of 10
51
erg,
and Mejec is ejeted material given in solar mass (M⊙) units. A reent investigation
of Ellison et al. [62℄ and referenes therein, have studied in some detail, the thermal
and the non-thermal radiation as well as the partile aeleration in this short phase.
The seond phase ours when the SNR total mass surpasses the ejeted mate-
rial. This phase, known as Sedov phase [63℄ or Sedov-Taylor phase, lasts for about
.10000 years. During this period the remnant is bound by the disontinuity front
of the shok wave, and the interior gas of the SNR has been heated by the reverse
shok. As before, the expansion rate is still ontrolled by energy onservation, and
radiation losses an still be negleted. At this stage, the radius and veloity of the









































































































































































Figure 1.4: The supernova remnant evolution phases. The supernova remnant evolution
is omposed by four phases: the free expansion (FE ) phase, the Sedov-Taylor (ST )
phase, the snowplow (S ) phase, and the merging (M ) phase. In the plot these dierent
phases are represented by dierent olors, representing the radii and the times at whih
these transitions our. The values of the radii and times for these phase transitions were
taken from Cowie et al. [60℄, whih follow the denitions given by Woltjer [61℄. The typial
physial parameters, studied in the evolution of the SNRs, are: the radius, the temperature,
the density and the veloity. In these plots only the dependene of the temperature and
of the density, as a funtion of the radius, are presented. As a representative example of a
SNR evolution, the numerial model 1 from Cowie et al. [60℄ was hosen. The evolution of
model 1 is depited at times: 1.0 × 104 yrs (A), 9.9 × 104 yrs (B), and 9.8 × 105 yrs (C).
The initial onditions of model 1 are: an energy of ∼ 3.1 × 1050 erg, an ambient partile
density of 2.4× 10−3 m−3 and an ambient temperature of 1.4× 105 K.
where t4 is the SNR evolution time in units of 10
4
years. The phases whih have
more relevane to the present work are the snowplow-phase and the merging phase
of the SNR. As the remnant expands adiabatially, the temperature of the plasma
inside of the SNR dereases due to the expansion proess. When the temperature of
the plasma reahes a temperature in whih radiative ooling beomes an important
physial proess, then the evolution of the SNR enters a new phase.
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The third phase is denominated as the snowplow (S) phase [64℄. This stage
has a duration of 10000 to 100000 years. At this evolution point the swept-up
mass ollapses into a thin, dense layer, with the interior of the SNR expanding
adiabatially (dW=-PdV). The expansion is driven by momentum onservation and
the dynamis of the SNR evolution is now governed by the following expressions:
RSNR(t) =




where ǫ is the fration of internal kineti energy of the SNe, still available to ondut
the SNR evolution at this point. The available internal kineti energy fration is
normally of the order of ǫ ∼ 0.2 − 0.3. R(S)SNR is the radius at the beginning of




0 pc. Dierent authors
have presented distint values for the onstant K. Cox [64℄ has derived a value of 25
for K, Chevalier [65℄ found a value of 19 and Falle [66℄ obtained a value of 20. The
dierene in the value of K results from using distint ooling funtions, only. The







The fourth and last phase of the SNR is, when the internal pressure of the gas
inside of SNR beomes less than the surrounding ISM pressure. When this happens
the SNR merges with the ISM and the SNe energy has been dissipated in the ISM.
MKee and Ostriker [46℄ have estimated the maximum lifetime of a SNR before it
merges with the ISM. They found, that the maximum lifetime of a SNR is given by





where P = P0/kB = n0T0 is the pressure of the surrounding ISM. For E51 = 1,
with an ambient ISM density n0 = 1 m
−3
and a temperature of T0 = 8000 K, this
would happen after tmax ∼ 8.2× 106 years. A similar alulation, using the values
of model 1 from Cowie et al. [60℄, gives a tmax ∼ 6.7× 106 years. At this moment
the ISM is enrihed with new heavy elements, produed during the explosion of the
massive star.
1.8 Conepts of the ISM - Global
The former ideas that have been applied to understand the interation between
stars and the ISM loally and in the galati dis, have also important physial
impliations at dierent galati sale heights. Several onepts have been developed
to explain the presene of the hot gas in the halo of the Milky Way Galaxy. For
reent reviews on this issue see the artiles of Spitzer [67℄ and Cox [68℄.
Following Cox [68℄, the global galati modelan idealized and simplied model
of the hot ISM omponent an be desribed in three steps. First, the explosion of a
supernova ejets a rapidly expanding shell, whose interation with the surrounding
medium reates a hot gas. Seond, as the gas expands, it enounters louds, whih
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are ompressed, heated by ondution, and disrupted or evaporated, reating shells.
The presene of physial proesses, like ondution and evaporation in the SNRs,
leads to the reation of multi-harged ions suh as, C iv, O vi, N v and Si iv, whih
leads to the reation of absorption lines in the far-UV. In the third, and nal step,
the remnant of heated gas of one or more supernovae an rise to appreiable dis-
tanes from the galati plane and may produe a hot galati orona before if falls
bak after ooling or esapes the Galaxy ompletely. In reality these dierent
proesses interat so muh with eah other, that any serious model must inorporate
them in a self-onsistent way.
There are two important harateristi time sales of this proess [69, 70℄. The
rst is the time required for the hot uprising gas, to aquire a pressure equilibrium








where h is the isothermal sale height, and cs is the sound speed at a given temper-














where Λ(T) is the ooling funtion for a non-equilibrium plasma [69℄. Dierent
approahes have been taken to study the presene of hot gas in the Galati halo.
From these, three models have resulted. In one of these models the hot gas is
transported to the halo by Galati Chimneys, see §§ 1.8.1. In another model, the
gas is nourished through a Galati Fountain, see §§ 1.8.2, and in another by Galati
Winds, see §§ 1.8.3.
1.8.1 Galati Chimneys
It has long been lear that adjaent explosions of several supernovae, as one might
expet to happen on OB star assoiations, ould let the supernovae remnants more
easily to break out of the dis and pervade the halo with their hot gas. Suh
sequene of supernovae would then give rise to the appearane of superbubbles and
other strutures.
Observational support of suh physial systems in the Milky Way Galaxy and
in other galaxies exists for quite some time. Studies using the 21-m radio emission
have deteted H i shells and supershells [71, 72, 73, 74℄. Moreover, x-ray radiation
oming from inside the supershells has also been deteted. These strutures are the
boundaries of bubbles and superbubbles. These H i avities an be formed by two
distint proesses. The rst are formed by umulative supernova explosions in OB
assoiations. In this ase, massive stars are formed sequentially from giant moleular
louds. These stars produe H ii regions and stellar wind bubbles, and eventually,
explode as supernovae within previous avity remnants. This is expeted to our
in the spiral arms of the Galaxy where the stellar density is higher. The seond
possibility is by the ollision and merging of neighboring supernova remnants. This
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seond type of superbubble is expeted to our in the inter-arm regions of the
Galaxy.
Ikeuhi [75℄ and Norman and Ikeuhi [76℄ have developed models to aommo-
date the observations and a three-phase ISM. Like in other models, the mehanism
for the reation of hot gas is a sequene of supernovae and stellar winds. These
events arve a tunnel into the surrounding ISM, reating a himney and thik walls





and 30 ×106 K, respetively. These numerial alulations have
shown, that a mass ow rate somewhere in between 0.3 to 3 M⊙ yr
−1
and an energy
input of 1040-1042 erg s−1 is expeted.
In this model the gas ows from the dis at a distane of 1 kp, being subse-
quently injeted into the upper halo, where omplete mixing ours. Aording to
the model, the gas following through the dense and old neutral ISM is not severely
aeted by adiabati ooling. Beause of these ombined eets, the resulting ver-
tial temperature prole struture is onsiderably dierent from the one of MKee
and Ostriker [46℄. In their Galati halo model the vertial temperature dereases
faster, due to adiabati ooling and due to the sale height, at whih the injetion
of hot gas ours. In ase of the himney model the vertial temperature is hot-
ter, sine the gas does not suer muh adiabati ooling and reahes muh higher
heights. As a result, high-ionized atomi speies are expeted to be present at high
latitudes in the Galati halo, in ontrast to the MKee and Ostriker [46℄ model.
The high gas temperature, streaming through the himneys, should also have a
strong signature in the hard x-ray regime. Besides the x-ray emission at energies
≥ 1.0 keV, UV absorption studies in diretion of the halo should also reveal a
population of highly ionized ions, suh as O vi, N v, Fe x and Si vi. After ahieving
a height of several kiloparses and after a time of 20 - 30 ×106 years, the gas ools
down and ondenses into louds. This ool gas then rains bak onto the galati dis,
a proess that takes further 10 - 20 ×106 years. Therefore, the estimated life yle
of the gas is 30 - 50 ×106 years, f. de Avillez and Breitshwerdt [50℄: τ ∼ 200 Myr.
Another onsequene of this model is the number of dierent soures of neutral
material. The ool and neutral material an originate from the SNRs shell laments,
from the fragmentation of the H i himney wall at ∼ 1 kp, and above 1 kp from the
ondensation of the hot gas into louds. Veloities |V| ≤ −50 km s−1 are expeted
from high galati latitude louds (≥ 1 kp), whereas louds, injeted from the
galati dis, have |V| ∼ −10 km s−1. In the ase in whih the material is originated
from the fragmentation of the wall of the himney, intermediate veloities are likely
to our.
In this ontext three-dimensional numerial alulations were performed by
Tomisaka [77℄. Aording to these alulations on a stratied plane medium and
with a magneti eld proportional to the square root of the ambient density, break-
through is expeted to happen even when the supernova explosions our near the
mid-plain dis. de Avillez and Berry [78℄ have also undertaken similar studies upon
the evolution of himneys in the Galati dis. de Avillez and Ma Low [79℄ have also
performed three-dimensional simulations of individual himneys, in order to study
the newly observed ISM mushrooms, believed to be a Galati himney.
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1.8.2 The Galati Fountain
The Galati fountain originates from widespread supernovae, that warm up the
dis gas to temperatures of 106 K, whih then ows into the halo. In this piture
an uprising hot gas moves sub sonially until a distane of Z∼1 kp. The physi-
al onept of a galati fountain was rst advaned by Shapiro and Field [80℄ to
explain the newly disovered hot galati gas, observed in absorption by the ubiq-
uitous O vi ion [42, 43℄, the glowing of the soft x-ray bakground [81℄ and the high
veloity louds (HVCs) [82℄. This senario has reeived onsiderable renements
and improvements by Bregman [83℄ and Kahn [84℄.
In the Galati fountain model proposed by Kahn [84℄ the uprising hot gas moves
to a sale height of Z ∼ 1 kp, where thermal instabilities promote the formation
of louds. For a gas with a veloity of 130 km s
−1
this takes 7.5 ×106 years, whih
is of the same order for the gas to ool down, τcool ∼ 8.3 × 106 years. These
louds, due to their ballisti trajetory, will travel to a maximum distane above the
Galati plane of Zmax ∼ 5.5 kp, requiring a time less than 50 ×106 years. After
exhausting their kineti energy, they fall in a free-fall trajetory onto the galati
dis. This proess takes about 80 ×106 years, therefore the total mass yle takes
130 ×106 years. The alulated mass rate during this yle is 5.3 M⊙ yr−1. The
assoiated veloity of suh louds would be of the order of 60 to 100 km s
−1
. The
main assumptions of these models were the height whih the hot gas would rise, the
expeted ondensation rate in louds, whih is a funtion of the temperature and
the ooling rate at the base of the fountain; see Breitshwerdt and Komossa [85℄ for
a review.
Dynamial alulations of Houk and Bregman [69℄ predit, that in order to
t the HVCs veloities, a model for the hot halo with a temperature and density
of 3 × 105 K and 10−3 m−3, respetively, is required at the base of the halo. In
this senario the hot gas ondenses at a sale height Z ∼ 1.5 kp. The asending
veloity of the gas is 30 km s
−1
. When its kineti energy is fully transformed into
potential energy, the gas stops its asending rise, and falls bak onto the galati
plane, aquiring an infall veloity of V ∼ 100 km s−1 near the galati plane, where
the louds are deelerated by visosity of the ISM. This model predits a mass rain
of 0.4 M⊙ yr
−1
.
Meanwhile, substantial numerial work has been done in order to understand
the model. Two-dimensional galati fountain odes have been developed by Rosen
et al. [86℄ and Rosen and Bregman [87℄. Even if they were suessful in reproduing a
three phase ISM, they were neither able to reprodue the vertial struture near the
dis, nor the presene of high and intermediate veloity H i louds. The main reason
of this failure may be due to the fat, that modelling in two-dimensions introdues
severe onstraints to the gas ow modifying the overall struture and phenomena,
whih would our in a three-dimensional ow gas.
To overome these diulties, three-dimensional and large-sale numerial MHD
simulations of galati fountains have been performed by de Avillez [88℄ and, more
reently, by de Avillez and Breitshwerdt [49, 50℄, with an impressively high spatial
resolution. In their ISM simulations, the evolution of the dis-halo interation,
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driven by supernovae, is followed for a period of 400 Myr and up to 10 kp from
the dis. An essential feature of these simulations is the esape of hot gas into the
halo, therefore establishing a galati fountain ow. An interesting result from these
simulations is, that this transport of gas from the dis to the halo ours even if
initially a magneti eld parallel to the dis is present. In their bottom-up model
building sheme, there are still important physial proesses to be onsidered, suh
as non-equilibrium ooling, self-gravity, heat ondution and the eets of osmi
rays.
1.8.3 Galati Winds
Galati winds are normally assoiated to starburst galaxies, i.e., galaxies with a
high star formation rate and therefore a high rate of supernova explosions. These
SNe give enough mehanial energy and momentum to drive strong galati winds,
see Veilleux et al. [89℄ for a review.
Sine the work of Habe and Ikeuhi [90℄ it is ommonly assumed that in spiral
galaxies galati winds do not play an important role during galati evolution. This
assumption is based on the estimate, that for a galati wind to our minimum
physial requirements for the parameters T > 5 × 106 K and n = 10−3 m−3 are
neessary. This physial model has been ritiized by Breitshwerdt and Komossa
[85℄, who argued that important non-thermal omponents of the ISM, suh as the
osmi rays (CRs), should also be taken into aount when modelling galati winds.
It has been shown that there is a net momentum transfer from the CRs to the gas
via waves, pushing the gas away from the dis into the halo. Breitshwerdt et al.
[91℄ have been able to demonstrate, that a Galati wind with a slow mass loss of





, an be formed. In a steady state ISM model, like the one
from Cox and Smith [47℄, the ombined pressure of the gas and CRs an drive an
outow to great distanes above a height of 1 kp, when the total pressure surpasses
the intergalati medium. The important role played by CRs lies in their resonant
interation with MHD waves frozen into the plasma and, on the fat of not being
subjeted to ooling, with the exeption of adiabati energy losses by pdV-work.
As a onsequene it has been argued by Breitshwerdt and Shmutzler [92, 93℄,
that an outow of gas with a temperature as low as T ∼ 4× 104 K, emitting soft
x-rays, due to delayed reombination, ould ontribute substantially to the diuse
soft x-ray bakground (SXB).
Galati winds have also been studied as the result of bubble and superbub-
bles break-outs, see Koo and MKee [94, 95℄. In this model, stellar winds and
sequential supernova explosions ontinuously injet energy into the ISM, generating
hot bubbles whih expand, sweeping out the ambient medium. During the evolu-
tion of these astrophysial outows, they neessarily interat with dierent ambient
mediadierent densities and pressures. The main onern of this model [94, 95℄
is, to study the evolution of bubbles in a medium in whih the ambient density has
a strong vertial gradient. Due to the vertial high density gradient the bubbles or
superbubbles will expand faster in the diretion perpendiular to the dis. Then, if
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the resulting stellar and supernovae wind is strong, the shell or supershell aeler-
ates and breaks due to Rayleigh-Taylor instabilities. When the shell or supershell
struture is broken, the hot gas within it an leak out and produe a shok with the
ambient medium. Depending on the wind luminosity strength, two possible ows
an result after the bubble break-up. A low wind luminosity reates a jet, and a
high wind luminosity will blow diretly out the hot gas.
This model has been applied by Koo and MKee [95℄ to the North Polar Spur
(NPS), an H i expanding shell with a hot gas (∼ 3 × 106 K), deteted as an x-ray
emission enhanement. These authors have attributed the existene of the NPS to
stellar winds and supernova explosions, ating in onert from the So-Cen Assoi-





Painted version of the woodut, attributed to the Frenh astronomer Niolas Camille Flammar-
ion (1842-1925), whih appeared in the L'atmosphère: météorologie populaire (pag. 163), 1888,
whih presumably depits a monk, rossing through the shells of appearane.
A physial model of the Loal Bubble an be tested by its ability
to reprodue the spetral features observed in the EUV and soft
X-ray."
- Hans Böhringer in The Loal Bubble and Beyond, 1998.
The rst astrophysial objet found to radiate x-ray photons was the Sun, during
a roket ight experiment done by Friedman et al. [96℄. This disovery lead other
experimental groups to develop more sensitive detetors to be own in rokets, with
the purpose of deteting other astrophysial objets in the x-ray regime. In one
of suh roket ight experiments an intense and disrete soure was disovered in
the onstellation of Sorpius, whih beame known as So X-1, by Giaoni et al.
[97℄. During the same roket ight experiment another remarkable detetion was
done with the disovery of a osmi x-ray bakground (CXB). The disovery of this
osmi bakground showed a striking isotropy in its intensity, over all the sky, in the
2.0 - 6.0 keV energy band.
The isotropy of this radiation implied a loal or very distant origin, sine all ma-
terial in the Galaxy is distributed anisotropially. Moreover, sine at these energies
the Galaxy is ompletly transparent above the Galati plane, the only plausible
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origin was an extragalati soure. Soon after, Gould and Burbidge [98℄ suggested
that this x-ray emission ould be due to unresolved soures. This exiting disovery
lead to the idea that the isotropy of the CXB ould be used to study the distribu-
tion of interstellar material in the Galaxy, by looking at absorption patterns below
1.0 keV.
The rst physial experiment in this energy range was performed by Bowyer
et al. [26℄, who, in fat, observed that the ux at these low energies dereased
towards low galati latitudes. These observational data were then interpreted as
being a superposition of two x-ray emission omponents. One arising from the deep
extragalati spae and a seond one, having as most likely a Galati origin. This
disovery ame to support the idea that a hot interstellar phase may exist in the
Milky Way Galaxy. An idea that had been put forward by Spitzer [39℄, in order
to onne the observed high altitude interstellar louds. Spitzer's proposal was,
however, only onerned with a hot orona, surrounding the Galaxy. Soon after, it
was realized that the extrapolated x-ray ux of the CXB spetrum above 2.0 keV
was insuient to aount for the observed ux at low energies [99℄, meaning, that
an exess of ux at low energies was present.
Almost two deades after Spitzer's proposal, new astrophysial data in the ex-
treme ultraviolet (EUV) domain showed, that a dierent hot gas from the one sam-
pled by the Bowyer et al. [26℄ experiment, existed in the ISM. The idea, that many
dierent hot plasmas may oexist in the ISM, was amplied with subsequent obser-
vations in the soft x-ray region.
2.1 The Loal Bubble Paradigm
Jenkins and Meloy [42℄, after analysing the spetra in the line of sight to stars, using
the Copernius satellite, found broad absorption lines aused by O vi ions in the
ISM. The absorption aused by these highly ionized ions ould only be explained by
the presene of a hot plasma between these stars and the Earth.
In the same year, Williamson et al. [81℄, also suggested with two dediated ight
rokets to study the soft x-ray diuse bakground (SXDB), that the most likely
physial mehanism to produe this soft x-ray emission and the O vi absorption
lines was a very hot thermal plasma. At the same time the Wisonsin far-ultraviolet
spetrometer aboard of the OAO-2 satellite, observed the interstellar absorption of
Lyα towards nearby early-type spetral stars. From this Lyα survey Savage and
Jenkins [100℄ and Jenkins and Savage [101℄ were able to demonstrate, that the solar
neighborhood was deient of neutral hydrogen (H i), in partiular in the third





doublets, detetable in the EUV, were observed in the ISM. By measuring the
widths of the absorption lines produed by these ions and the degree of ionization,
York [43, 44℄ was able to derive a range of temperatures from 2.8×105 to 7.0×105 K
for the hot phase of the ISM.
1
1242.8 Å/1238.8 Å or 9.97 eV/10.0 eV
2
1037.6 Å/1031.95 Å or 11.94 eV/12.0 eV
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The observations of a hot ISM and low H i were explained within the displae-
ment model proposed by Tanaka and Bleeker [102℄ and Sanders et al. [103℄, that
the neutral hydrogen that would normally be found, had been blown away by winds
and explosions of one or more massive stars ating in onert, forming a low-density
bubble where the Solar system is presently loated. This H i avity would then be
lled with hot plasma resulting from that star ativity. Posterior studies from Frish
and York [104℄ and Parese [105℄ have shown, that this H i avity is asymmetri in





also in the vertial plane, where it reahes muh higher altitudes in the northern
hemisphere.
Studies on the SXB onduted by Bloh et al. [106℄ with the omplement of the
Wisonsin Survey data [107℄, showed a surprising onstany between the ratio of
the Be-band (nominally 0.078 - 0.111 keV) and B-Band (nominally 0.13 - 0.188 keV)
ount rates. Sine the mean free path [l = 1/(n σ)℄ of a photon from the Be-band3 is
≈ 50 p and a photon from the B-band4 is ≈ 200 p, assuming an average density of
0.1 H i m
−3
in the midplane, these photons must have the same origin. Moreover,
these mean free paths orrespond to olumn densities of H i of ≈ 1.5×1019 m−2 and
≈ 6.2× 1019 m−2, implying a loal soure. These fats, allied to the observation of
an anti-orrelation between the soft x-rays and the olumn density of H i, supported
the idea of a loal interstellar medium (LISM) lled with hot plasma and devoid of
neutral material, in alignment with the onept of a displaed LISM [102, 103℄.
Cox and Reynolds [108℄ proposed, that the observed soft x-ray bakground radi-
ation around 1/4 keV would predominantly arise from what they have ome to all
the Loal Hot Bubble (simply LB) whih was a leftover of an ative supernova
remnant. MCammon and Sanders [109℄, studying the relative intensities of three
energy bands, found that the emitting gas had to have a temperature of ≃ 106 K.
Snowden et al. [110℄, working within the displaement model, assumed that all
the soft x-ray emission observed originated in the LB, therefore, making the task
of inferring the physial state of the hot plasma and its geometry easier. The three
main assumptions in their model were: (1) an uniform soft x-ray emissivity, (2)
whih was lling the entire avity in H i, and (3) a plasma in ollisional equilibrium.
The observed broad band spetrum - the Be, B and C-bands of the Wisonsin
Survey - were tted with a Raymond & Smith plasma model [111℄. To the plasma
a temperature of 106 K was assigned, leaving the soft x-ray emissivity as a free
parameter. The best t model yielded an eletron density of 4.7× 10−3 m−3,





inferred for this plasma was p/kB ≈ 9000 m−3 K. Given the fat, that the observed
soft x-ray intensity (Ix−ray) is equal to the produt of the soft x-ray emissivity (ǫx−ray)
by the distane (D), the geometry of the LB ould be inferred. From this analysis
the LB was found to extend ∼ 30 p in the Galati plane and ∼ 200 p towards the
north Galati pole (NGP). However, after the launh of the ROSAT satellite [30℄
a dierent piture emerged.
The data gathered by the ROSAT PSPC showed, that a signiant part of the
3
Cross Setion σ0.095 keV = 6.49258× 10−20 m2
4
Cross Setion σ0.160 keV = 1.59365× 10−20 m2
2.1. THE LOCAL BUBBLE PARADIGM 26
1/4 keV ux did not originated in the LB but outside of it. This was realized
by studying the shadows, that moleular louds ast on the soft x-ray bakground
emission. Two shadow experiments were performed, one on the Drao Nebula [31,
32℄ and the other in the onstellation of Ursa Major [112℄.
Figure 2.1: The ROSAT All Sky Survey 1/4 keV
band. The red olor orresponds to low ount rates,
whereas dark blue orresponds to high ounts. The
map shows the intensity ounts/s in units of 10−6. Im-
age from 1/4 keV energy band taken from Snowden
et al. [113℄.
© MPE.
In partiular, the analysis
of the Drao shadow experi-
ment revealed, that roughly 50
per ent of the emission at
1/4 keV originated beyond the
Drao nebula. Sine this nebula
is plaed at more than 300 p
from Earth, therefore outside of
the LB boundaries, 50 per ent
of the 1/4 keV ux was pro-
dued outside of the LB, a fat,
that was not possible to aom-
modate anymore within the dis-
plaement model.
The ROSAT observations
also revealed that the 1/4 keV
x-ray emission varies over the sky, see gure 2.1 taken from Snowden et al. [113℄.
The emission of the 1/4 keV band in the northern sky halo, has shown a pathy stru-
ture, whih sugguests that the observed intensity was the result of the superposition
of enhanements, relative to an uniform bakground emission. Similar studies in
the southern hemisphere showed that the 1/4 keV emission is haraterized by a
gradient towards low latitudes.
Further work on the extent of the LB by Frusione et al. [114℄ and Breitshwerdt
et al. [115℄, using the ompiled Lyα absorption line measurements, allowed them to
estimate, that the H i avity in the Galati plane should have a radius ∼ 60−100 p
and a vertial extension from the plane ∼ 120− 180 p.
In the light of the x-ray shadow observations, Snowden et al. [116℄ re-examined
the 1/4 keV ROSAT data obtained during several years in orbit, this time assuming,
that this emission was produed by the hot LB, the Galati halo, and an extra-
galati omponent. The latter two omponents were subjeted to absorption, in
partiular the halo omponent, after the disovery of the x-ray shadows. The re-
sult of this analysis was a LB with a temperature of 1.17
+0.15
−0.12 × 106 K, a density
of 4.5× 10−3 m−3, implying a p/kB ≈ 10500 m−3 K and a smaller extension,
ranging from 40 p in the Galati plane to 130 p towards the NGP.
The knowledge of the geometry of the LB has been improved, due to sophisti-
ated Nai d line absorption studies towards stars with known distane. In partiular,
Sfeir et al. [117℄ have produed a 3D map of the loal interstellar medium, using
the equivalent widths of the Nai d line doublet at 5890 Å, to trae the old neutral
hydrogen towards lines-of-sight of 143 stars lying within 300 p of the Sun. More
reently, this study has been enlarged by Lallement et al. [118℄, whih show 3D ab-
sorption maps of the loal distribution of neutral gas towards 1005 sight lines. These
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Figure 2.2: The LB ISM. In these plots we show the present understanding of the
LB soft x-ray emissivity volume, due to Snowden et al. [116℄ (dark red), omplemented
with the study of Lallement et al. [118℄, where the absorption EWs of Nai d were used to
infer the loal distribution of neutral gas. For produing these plots we have used the EW
ontour of 20 mÅ (light yellow). An EW of 20 mÅ of the Naid orresponds to a olumn
density of H i of 2.0×1019 m−2. We have simplied the right plot by assuming that the
Sun lies in the Galati plane (GP). However, it is known that the Sun lies at a distane of
34.56±0.56 p above the GP [119℄. The Galati Center (GC) diretion is indiated with
an arrow. The North Galati Pole (NGP) and the South Galati Pole (SGP) are also
shown.
maps show, that the Solar system is approximately in the middle of a deient H i
region.
In gure 2.2 a shemati representation of the present understanding of the loal
interstellar medium within 200 pi.e, the geometri onguration of the LBis
given. The x-ray emissivity ontour assoiated to the hot LB due to Snowden et al.
[116℄, and the neutral H I olumn density inferred from Nai d studies from Lallement
et al. [118℄, were employed. In the Galati plane (see the left plot of gure 2.2)
the ontour line of the Nai d shows an irregular struture with some tunnel-like
features. Perpendiular to the Galati plane (see the right plot of gure 2.2) the
Nai d map shows a one-like form without a dened boundary. The later feature
indiates, that the LB may be open in diretion of the Galati poles.
2.2 Theoretial models for the Loal Bubble
The suess of any theoretial model is measured by its ability to reprodue all
available observations and predit new phenomena, whih an then be tested by
new experiments. Also, when analysing the observational data, preise physial
information an be derived for an assumed physial model, and, subsequently, sub-
jeted to further tests.
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A relative big set of observational data has been obtained, ranging from the
EUV to soft x-rays. Some of these observations have revealed the presene of highly
ionized speies in the ISM. In addition to the presene of these ions, deteted in
absorption studies to nearby bright stars, there is a strong and extended emission
of soft x-rays. Therefore, any physial model of the hot ISM and in partiular for
the LB must have mehanisms to produe highly ionized ions, EUV, and soft x-ray
photons. In alignment to this, muh theoretial work has been developed to explain
the observed features of the LB.
In modelling interstellar plasmas both atomi proesses ontrolling the ionization
struture and the astrophysial events leading to that ionization struture have to be
taken into aount. This means, that these physial proesses are intimately related.
Two types of models have been invoked to explain these set of observations. Models
in whih it is assumed that the plasma is in a steady state, and other ones where it
evolves with time. The rst ones are alled ollisional ionization equilibrium (CIE)
models, and the seond ones non-equilibrium ionization (NEI) models.
For modelling interstellar hot plasmas, two major simpliations are done. First-
ly, it is assumed that the plasma is optially thin, and seondly that its density is
low. The rst assumption implies, that one a photon is emitted, the probability to
interat (e.g., to be reabsorbed) is negligible. Therefore, this proess is not taken into
onsideration in the ode. Moreover, the ondition of being optially thin implies,
that the resulting radiation spetrum does not aet the ionization struture further.
The seond assumption of a plasma with low density implies, that the probability of
a ollision between two partiles is also low. This implies that the exited ions annot
de-exite via ollisions but have to deay by radiative proesses. The line emission
rate is then related with the rate of ollisional exitation. These simpliations lead
to an easier way to handle the physis. These are the oronal models. In ionization
equilibrium models several equilibria have to be established. The temperatures of
ions and eletrons have to reah a thermal equilibrium, they have to thermalize to
the same temperature, and the ionization and reombination proesses have to ome
to a balane.
The departure from CIE to NEI plasmas ours, when the ionization and reom-
bination proesses ome or do not ome to a balane. These two dierent models
produe dierent ionization strutures. In CIE the ionization fration of ions is a
peaked and relatively onstrained to small temperature intervals, whereas in NEI
plasmas the ions fration population may exist over a wide range of temperatures.
These dierent ionizing population strutures also imply dierent timesales for the
existene of the plasma, the CIE plasma being younger. In the ase of NEI plasma
there are essentially two exteme ategories: an younger or an older plasma. In the
ase of an young NEI plasma, the plasma is in an underionized state, i.e., the ion-
ization struture lags behind the thermal struture, e.g. due to the propagation of
a shok wave, whih heats the interstellar plasma very fast, like in the model devel-
oped by Cox and Anderson [120℄. In the seond ase, an old NEI plasma, the plasma
was heated up during its previous history to T≥ 106 K, and then experienes a fast
adiabati expansion. In this ase, delayed reombination essentially retains the high
ionization stages of the expanding plasma, and the emission spetrum resembles a
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CIE plasma, Breitshwerdt and Shmutzler [92, 93℄
2.2.1 Collisional Ionization Equilibrium Plasmas
From an historial perspetive, the rst type of model proposed to explain the
available EUV and soft x-ray data, was a model in whih the ionization ours
by ollisional proesses and in equilibrium. This type of models are ontrolled by
ollisional ionization equilibrium (CIE) physis. They are also known as oronal
plasmas. A detailed disussion of these matters is far beyond the sopes of this work.
However, a very short desription of the physial onditions, in whih the CIE plasma
holds, is given. For a more detailed physial desription of these models, and for
some of their appliations see the artiles by Böhringer [121℄, Mewe [122℄, Kallman
and Palmeri [123℄ and Kaastra [124℄, respetively.
Collisional ionization ours, when an eletron ollides with an ion with a relative
kineti energy greater than the ionization potential of that ion. As a result of
this physial proess, an amount of energy equal to the ionization potential of the
ion is removed from the eletron plasma and transfered as kineti energy to the
removed eletron. Therefore resulting in a net ooling of the eletron plasma. In
the oronal approximation it is assumed, that the eletrons and ions have reahed
the thermalisation state, meaning that they have reahed the same temperature. It
is therefore assumed that a Maxwellian distribution desribes their energies.
The ollisional ionization proess is then balaned by a reverse proess of equal
magnitude, the reombination of an eletron with an ion. This proess leads to a
radiative proess with two main hannels. The radiative proess ours, beause the
eletrons are mostly aptured in an exited state of the ion. The eletron then de-
exites via a asade through permitted radiative transitions into the ground state.
It is however possible, that the aptured eletron exites an inner shell eletron. As
onsequene, the exited ion will deay via a two-step proess, alled di-eletroni
reombination. One of the valene eletrons radiatively de-exites induing a asade
of photons similar to radiative reombination. At high enough temperatures the di-
eletroni reombination dominates over the radiative reombination. Sine the hot
gas is a tenuous one, the photons produed in these reombination proesses will
have a low probability to interat with the plasma. Therefore, they leave the plasma
without any futher interation.
Several models, e.g. from Hayakawa [125℄ and Sanders et al. [103℄, using the
assumption of CIE were developed to explain the LB UV and x-ray emission. The
rst serious attempt to explain the available EUV and soft x-ray data with the model
from Cox and Anderson [120℄. In their model a very large supernova blast wave,
propagating into the hot low-density omponent of the interstellar (ISM) medium,
was invoked to explain the soft x-ray observations with typial parameters of the
gas: a temperature of ∼ 106 K, a p/kB ∼ 104m−3 K and an extent ranging from
one to several hundred p. In this model the bubble had an age of ∼ 105 years.
Innes and Hartquist [126℄ built a model in whih the H i avity was arved
by very old supernova remnants and superbubbles. On their model a superbubble
reated roughly 4 × 106 yr ago was responsible for injeting ∼ 1052 erg into the
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interstellar medium surrounding the Solar system, whih ould produe the observed
soft x-ray and extreme ultraviolet radiation bakground.
A deade later Edgar and Cox [127℄ investigated the possibility, that the Loal
Bubble had been reated either by a single supernova or by a series of supernovae.
In this way, they have tried to nd the physial parameters that ould parametrize
hot bubbles with a typial radius of 100 p and with the average ount rates in the
B and C bands mathing the observed ones. With the right model then they ould
proeed in exploring the features of this model, suh as the x-ray and EUV spetra,
the emissivity and O vi olumn densities. In the models developed by Innes and
Hartquist [126℄ and Edgar and Cox [127℄ the age of the superbubble is muh larger.
However, later it was realized by Breitshwerdt [128℄, that these CIE models
produe a high pressurean order of magnitude higherwhih is in onit with
the presene of loal louds, whih require muh lower pressure in order to survive
5
.
Another diulty of this kind of model resides on its very foundations, see Breitshw-
erdt [130℄. The assumption, that a three body proess ours in a tenuous and hot
optially thin plasma is not likely to happen in real hot and rareed astrophysial
plasmas. Moreover, the assumption, that the ionization rate by inelasti ollisions
is exatly balaned by reombination proesses, requires a third body. Therefore, in
this proess the temperature of the plasma inreases. The other diulty of these
models resides in the assumption, that reombination proesses dominate in CIE
plasmas. Sine radiative reombination is a ooling proess, the plasma will even-
tually depart from equilibrium and enter in a non-equilibrium ionization phase, see
Kafatos [131℄, Shapiro and Moore [132℄, Shmutzler and Tsharnuter [133℄.
There are two important time sales whih ontrol the evolution of the thermal
plasmathe ooling time (tcool) and the reombination time (trec). tcool is the time
that a plasma needs to onvert all its internal energy into radiative energy. The
































where L is the interstellar ooling funtion, Λ22 = Λ/10−22 denotes the ooling rate
in units of 10−22 erg m−3 s−1, and T6 is the temperature in units of T/10
6
K.
The reombination time, dened by




There are several louds in the solar neighbourhood. One of the best studied loud is the
loal interstellar loud (LIC). For a reent review on the Loal Interstellar Medium see the artile
from Redeld [129℄. The derived temperature and density for the LIC are 6300 K, and 0.33 m
−3
,
respetively. These values imply a p/kB ∼ 3200 K m−3 for the LIC. The pressure imbalane
between the LB (p/kB ∼ 104 K m−3) and the LIC would make the existene of these louds not
probable.
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is the time required for a given ion to reombine with a free eletron plasma, in a
plasma with eletron density ne and where α
total
rec is total reombination rate for a
given ion at a given temperature. After trec the ion should not be present anymore
in the plasma, or it should have a redued ionization stage.
These two time sales an be easily alulated. Using the values for the LB from
Snowden et al. [116℄, assuming a Λ = 1.081×10−22 erg m−3 s−1 and ne ≃ np, a tcool
of 31.6 Myr is obtained. Comparing this value with the time required for the, e.g.,
O vii to reombine, we nd a trec of 4.8 Myr, with the α
total
rec of 1.47×10−12 m3 s−1,
a oeient taken from Nahar [134℄. Doing the same exerise for the C vi ion
one nds a trec of 7.2 Myr, using the reombination rates oeients of Nahar and
Pradhan [135℄.
The ooling time establishes how long a hot plasma an exist in CIE at a given
temperature and eletron density. The time sale required for a plasma to ahieve





( αcoll + αrec ) ne
(2.3)
where αcoll and αrec are the ollisional ionization and reombination rates. This
equation gives an estimate of the time sale neessary for a given ion speies to
ahieve a CIE state. It is normally assumed that the CIE ondition for a thermal
plasma is ahieved, when τ
ie




There are urrently a large number of numerial odes, that alulate the emer-
gent spetrum of hot plasmas in CIE and whih are used to t x-ray spetra from
interstellar plasmas. Most ited in the literature are the odes from Raymond and
Smith [111℄, Mewe et al. [136℄ and Kaastra and Mewe [137℄.
The so-alled Raymond-Smith ollisional ionized plasma have been widely used
to t low resolution spetra obtained during missions like ROSAT and others. This
plasma ode has evolved to the Astrophysial Plasma Emission Code (APEC), whih
ombines a sophistiated ode along with the APED database, omposed by more
than one million transition emission lines [138℄.
2.2.2 Non-Equilibrium Ionization Plasmas
A ompletely dierent approah to model the EUV and the soft x-ray bakground
emission was proposed by Breitshwerdt and Shmutzler [92℄. The authors have
inorporated the atomi physis ode developed by Shmutzler and Tsharnuter
[133℄ into an algorithm where the atomi physis evolves aording to the dynamis
of the astrophysial system in whih the atomi proesses take plae.
The alulations by Kafatos [131℄ and the Shapiro and Moore [132℄ have already
shown, that even by starting from an equilibrium ondition, non-equilibrium eets
our, leading to a dierent ooling funtion for a hot plasma. In their alulations
the non-equilibrium eets happen in the temperature range from 3×105 to 5×105 K.

































































































































































































Figure 2.3: Ionization frations of arbon and oxygen. The left top plot shows the
arbon ionization frations assuming a plasma in CIE. The left bottom plot shows the
arbon ionization frations assuming a plasma in a NEI state. On the right top plot the
ionization frations of oxygen in CIE state are shown. The ionization frations of oxygen
in a NEI ondition are shown on the bottom right plot. These alulations were performed
by Shmutzler and Tsharnuter [133℄. The NEI ondition allows the presene of an ion
over a large range of temperatures.
In this regime, more highly ionized speies are found, ontributing then with more
strong emission lines.
The rst real attempt to simultaneously alulate the emission of an astrophys-
ial optially thin plasma and to take into onsideration the time-dependent ion-
ization stages due to their thermodynamial history path, was done by Shmutzler
and Tsharnuter [133℄ with the purpose of investigating the emission line regions in
Ative Galati Nulei.
In gure 2.3 the ionization fration of two important astrophysial ion speies
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is shownthe ionized arbon and the ionized oxygen alulated in CIE and NEI,
taken from Shmutzler and Tsharnuter [133℄. As it an be seen, these two dierent
physial onditions result in two distint ionization strutures. The top plots show
the alulations assuming the ondition of CIE, and the bottom ones the ondition
of NEI.
Shmutzler and Tsharnuter [133℄ had already argued that the CIE assumption





K [140℄, respetively, had a serious aw. No global astrophysial mehanism,
apable of permanently maintaining this wide temperature range is known. There-
fore, it was suggested, that we were observing these gases in a point of their thermal
history where the gas is out of the CIE ondition.
In the Breitshwerdt and Shmutzler [92℄ elegant model, the dynamial history
of the physial system is taken into onsideration. This model assumes, that sev-
eral supernovae explosions ourred in the past, reating a superbubble, in a dense
environment.
The most important onept of this model is the assumption, that during a
phase of fast adiabati expansion, the temperature of the plasma dereases very
fast, leaving all high ionization stages frozen into the plasma. This happens, be-
ause the reombination time is muh longer than the ooling time of the plasma.
Therefore, a large fration of the internal energy of the plasma is stored in the highly
ionized speies, whih an subsequently be released by reombination radiation. The
dynamis of the plasma also hanges the density of the plasma and the ionization
struture, whih hanges the ooling funtion, and therefore the dynamis of the
plasma itself. With this new lass of model, Breitshwerdt and Shmutzler [92℄
derived a muh lower temperature T ≈ 4.2 × 104 K for the LB. From this model
they also inferred an emission measure EM ≈ 5.8 × 10−2 m−6 p, to whih orre-
sponds an eletron density ne ≈ 2.4 × 10−2 m−3 along a line of sight of 100 p.
From the two physial parameters, temperature and eletron density, a pressure of
p/kB = 2nT≈ 2000 K m−3 is then obtained, whih is four times less than the one
derived from CIE models. This then makes the very existene of louds inside the LB
medium possible. The estimated age of the LB for this model is about 4×106 years.
Their model also predits the loss of some of the hot ISM into a galati wind.
The emerging spetrum of a LB in a NEI state is haraterized by an unusual
large ontribution from the reombination lines, in suh a way that the high energy
part of the spetrum is ompletely dominated by reombination photons. Due to
this high energy reombination tail, a NEI plasma with a temperature of 4× 104 K
an mimi the spetrum of ∼ 106 K CIE plasma in shape and in hardness, see
gure 2a from Breitshwerdt and Shmutzler [92℄. Also, this delayed reombination
emission lines leave a strong singnature in the plasma spetrum with a saw-tooth
prole in the upper energy part of the spetrum.
In this type of model the existene of ion speies like O vi, N v and C iv
in the interstellar medium an be easily aommodated within the low temperature
plasmas. Beause of the highly ionized speies and beause they did not have enough
time to reombine, they are able to exist within a large range of temperatures. This
model was very suessful in reproduing the observations in the EUV and soft x-ray
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regimes.
2.3 The O vi in the Loal Bubble
One of the many spetral features that a model has to reprodue is the amount of
ions in the LB observed in absorption studies. A reent FUSE absorption survey
of O vi (1032 Å) towards 25 white dwarfs within a radius of 225 p was used to
estimate the amount of O vi in the LB or loal ISM. This analysis has revealed,
that the mean spae density of O vi is 2.45 × 10−8 m−3, with a orresponding
averaged olumn density of ∼ 7× 1012 m−2, integrated over a path line of 100 p.
The maximum measurement of the olumn density due to O vi in this survey was
1.7×1013 m−2.
The study of O vi absorption has also reeived onsiderable attention from a
more theoretial side, beause the Ovi olumn density [N(Ovi)℄ is a sensitive traer
of the age of an evolved bubble. Reent hydrodynami simulations arried out by
Breitshwerdt and de Avillez [141℄ in a 3D Galati ISM, have been designed to
study the evolution of the olumn density of Ovi in the ISM, with a speial fous
on the ontribution of the LB and Loop I bubbles.
The quantity of Ovi generated in these simulations was investigated over many
lines of sight, entred on the solar irle and rossing the Loop I. These alulations
were performed, assuming a plasma in CIE and with solar abundanes [142℄. The
averaged N(Ovi) was alulated along these lines of sight over a period of 0.4 Myr,
starting at 14.3 Myr. The averaged N(Ovi) as funtion of distane and time is
shown in their gure 3 (top). From this gure, we see that at a distane of 40 p
the averaged N(Ovi) dereases from 40×1012 to 0.3×1012m−2 in less than half a
million years.
2.4 How to study the soft x-ray emission from the LB
In this setion we will disuss how to study the soft x-ray emission from the LB.
In the x-ray regime the ideal way to do studies on the nature of the LB plasma
physial state, or in general on other Galati hot plasmas, is to perform x-ray
shadow experiments. The existene of ISM x-ray shadows requires the presene of
ISM material in between the emission x-ray soure and an observer. For the LB the
ideal ase is to study the x-ray shadows produed by louds of neutral and moleular
material inside of the LB boundaries.
The gure 2.4 has a dual purpose: rst to show the ISM photoeletri absorption
ross-setion (σ), and seond, to show the assoiated mean free path (m.f.p.) of a
photon in that medium. The top panel of gure 2.4 shows the eetive absorption σ
per hydrogen atom for the ISM, using the analyti t oeients from Morrison and
MCammon [143℄. Assuming a partile density of 1.0 m
−3
, we an ompute the
m.f.p. for eah photon in the energy band of 0.1 to 10.0 keV. Given that the m.f.p.
is inversely proportional to σ, the photons with the highest σ will travel shorter
distanes in the ISM. This eet is shown in the bottom panel of gure 2.4. The










































































Figure 2.4: The ISM Photoeletri
Absorption. The presene of material
in the ISM has as a onsequene the
absorption of radiation, induing a re-
dution of the radiation intensity of a
given soure. The probability of in-
teration between a given photon of
energy E and some partile is given
by the ross setion σ of the partile.
On the top plot the interstellar photo-
eletri absorption ross setions, al-
ulated by Morrison and MCammon
[143℄, as a funtion of energy, are de-
pited. These ross setions were then
used to alulate the mean free path of
photons, assuming an average partile
density n0 = 1.0 cm
−3
, bottom plot.
most abundant atomi speies are also presented in eah of the panels.
The LB emission is thought to be produed in a avity, devoid of H i, lled with
a ∼ 106 K hot thin plasma and having an average radius of 100 p. Early all-sky
surveys, like the Wisonsin Survey performed by MCammon et al. [107℄, had shown
a remarkable onstany between the ount ratio of the B and Be bands. Given the
fat, that a photon of the Be-band has a σ about 4 times higher than a photon
of the B-band, the onstant ount ratio implied the same physial origin for these
dierent photons.
If the eet of the absorption σ is ombined with the average partile density
(n) along a given line of sight (l =
∫
ds), then the optial depth of the medium
is obtained, τ = σ N, where N is the olumn density along that partiular line of
sight. The physial parameter τ allows us to alulate whether a given medium is
optially thin or thik for a given photon. As an illustrative example: for a photon
of 1.0 keV in a medium with an assoiated olumn density of 1022 m−2 and with
σ = 2.422 × 10−22 m2 [143℄, we obtain τ of 2.422. This value means, that the
radiation at 1.0 keV, emerging from this medium was redued to about 9 per ent
of its original value, sine I/I0 = e
−τ
, therefore, produing an x-ray shadow for
photons with an energy of 1.0 keV. The absorption inreases as the photon energy
is dereased.
In gure 2.5 a simulation of an astrophysial x-ray shadow is presented. For
generating this simulated x-ray shadow, the following astrophysial model was as-
sumed. An unabsorbed thermal plasma, representing the LB, is shown in orange
olor. To this plasma a temperature of 8.1×105 K was assigned. The model is also
omposed by two other x-ray emission omponents, but absorbed by a given olumn
density. The rst of the former two omponents is a thermal plasma, representing
a Galati hot halo plasma, with a temperature of 1.5×106 K and shown in red
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Figure 2.5: An ideal x-ray shadow experiment on the CXB. In this gure the eet of
an x-ray shadow experiment, due to a moleular loud in an ideal astrophysial situation is
presented. The astrophysial model onsists of two thermal plasmas and an extragalati
x-ray omponent. The rst plasma of the model is the LB (orange), and the seond plasma
orresponds to a distant halo plasma (red). A temperature of 8.1×105 K and 1.5×106 K
was attributed to the LB and halo plasmas, respetively. The power-law representing
the extragalati ontribution is shown in blue. The total spetrum is shown as a solid
blak line (when visible). The halo and extragalati x-ray emissions are subjeted to
absorption of intervening material of dierent olumn densities (NH). The NH of 10
19
to 1020 m−2 represents the Galati NH (an o-loud situation), and the NH of 10
21
to
1022 m−2 represents the olumn density of two regions assoiated to an ideal interstellar
moleular loud (an on-loud situation). The x-ray absorption eet, due to intervening
neutral material, in partiular of the moleular loud, produes an x-ray shadow in the
ISM, permitting to disentangle the soft x-ray emission of the LB from the bakground.
The photon energy is given in units of keV.
olor. The seond is the ontribution of the CXB, represented by a power-law, with
a spetral index of Γ = −1.4, and shown as the blue line. The total spetrum is
shown in blak (when visible).
The two absorbed x-ray omponents are then subjeted to dierent olumn
densities (NH). Column densities ranging from 10
19
to 1020 m−2 represent typial
values for the Galati NH and orrespond to a non-shadow or o-loud situation. As
it an be seen in the two top plots, the LB emission is strongly ontaminated by the




, the very soft x-ray
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photons, from the halo and extragalati omponents start to be strongly absorbed.




, all photons with energies . 1.0 keV are severely
absorbed by the intervening material. These two situations orrespond to an on-
loud observation, where an x-ray shadow is produed by a moleular interstellar
loud with a NH gradient.
This is the ideal physial situation to study the emerging x-ray emission pro-
dued by the LB. Therefore, we need to study the x-ray emission towards interstellar
moleular louds with high NH, whih are inside of the LB or lose to its bound-
aries, in order to be able to disentangle its ontribution from other Galati x-ray
emissions.
2.5 Challenges to the Loal Bubble Paradigm
In reent years it has been argued by Lallement [144, 145℄, that most of the EUV
and x-ray emission, normally attributed to the LB model, may not be from the LB,
but from the solar wind harge exhange (SWCE) mehanism.
The importane of the SWCE mehanism in the astrophysial ontext was rst
realized by Lisse et al. [146℄, who observed x-ray and extreme ultraviolet emission
from the omet C/Hyakutake 1996 B2 during the ROSAT mission. The physial
mehanism, put forward by these authors to explain the observed radiation, relies
on the interation between the neutral material of the omet and solar wind ions.
It was assumed, that highly harged ions present in the solar wind, like the C vi,
O vii, N vi, and Si x, apture eletrons from the ometary neutrals. The aptured
eletrons then de-exite radiating EUV and x-ray photons assoiated to these atomi
transitions. In appendix A.1 (A.2), the x-ray emission lines that ontribute to the
soft x-ray emission, when the SWCE is present, are given. The ve most important
lines are the C v kα, the N vi kα, the O vii kα, the O viii lyα and the Ne ix kα.
In the subsequent year the theoretial treatment was worked out by Cravens
[147℄. Sine then, the SWCE is also a well established astrophysial phenomenon.
The presene of this astrophysial eet in the heliosphere an not be anymore
ignored, even if the exat quiesent level of this ontribution is not known. Another
important fat about the soft x-ray emission due to SWCE is, that this ontribution
is a physial phenomenon variable in time. An eet, that might have been seen al-
ready during the ROSAT era by Freyberg [148℄ found a orrelation between the solar
wind parameter Dst and the ourene of long-term enhanements (LTEs) [113℄.
This same eet has been deteted in several XMM-Newton observations. The
most impressive one orresponds to an observation of the Hubble Deep Field North
(HDFN) by Snowden et al. [149℄.
2.6 The LB as a loal laboratory
The physial interpretation of distant astrophysial systems may depend heavily on
the knowledge of our own loal system. Therefore, a very good understanding of the
Loal Bubble, the Milky Way Galaxy, is extremely important, if we wish to properly
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understand these distant systems.
Chapter 3
Data Redution & Spetra
Extration
The telesope from Sir Isaa Newton. This gure is an original
†
drawing of Newton's self made
reetor telesope. A dierent design to Newton's optial reetor has to be used in X-ray
astronomy. The x-rays, that impinge normal to a surfae, are largely absorbed, rather than
reeted. Normal inidene mirrors, like in a Newtonian telesope, are then not adequat for
x-ray photons. For x-ray telesopes a new design has to be developed in order to fore high-
energy photons to be reeted and then foused (grazing inidene). This is only ahieved,
when the x-ray photons have small inident angles to the surfae. This is made possible by the
use of paraboli and hyperboli mirrors whih then fous the x-ray photons. To improve the
reetivity of these mirrors they are, normally, overed by reeting materials suh as gold and
nikel, for whih the ritial reetion angle at 1 keV is about 1 degree. The European Spae
Ageny (ESA) has made a tribute to the English physiist Sir Isaa Newton by naming the X-ray




The X-ray Multi-Mirror (XMM-Newton) spae telesope is a Cornerstone mission
of the Horizon 2000 siene programme from the European Spae Ageny (ESA). It
was launhed on Deember the 10
th
, 1999, by an Ariane-v roket, into a 48
h
highly
eentri orbit, in order that its instruments ould work outside the radiation belts
surrounding the Earth. The XMM-Newton is presently the x-ray satellite with the
ombined highest sensitivity and spetral resolution operating mission. It has a
slightly lower spatial resolution, when ompared with the Chandra x-ray mission.
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The XMM-Newton satellite is omposed mainly by two payload modules, see
Jansen et al. [150℄. The rst module onsists of three x-ray telesopes, a parallel-
mounted optial/UV telesope and two star trakers. Eah of the three x-ray tele-
sopes are omposed by 58 Wolter i paraboli and hyperboli mirrors shells, see
Ashenbah et al. [151℄. This ombination of mirrors allows a redution of the foal
length of the telesopes to 7.5 meters, permitting at the same time the minimization
of astigmatism. The XMM mirrors have an exellent angular resolution with a re-
solving power (Full Width at Half MaximumFWHM) of ∼ 6 arseonds and a half
energy width (HEW) of its point-spread funtion of ∼ 15 arse. The total eetive




, to 130 m
2
at 1.5,
9 and 12 keV, respetively.
The mirrors fous the x-ray photons onto a set of foal instruments, like the
European Photon Imaging Cameras (EPIC)  the EPIC-MOS and EPIC-pn am-
eras  and the Reetion Grating Spetrometer (RGS), see den Herder et al. [152℄.
Besides the three x-ray mirrors there is an Optial/UV Monitor (OM), see Mason
et al. [153℄.
The EPIC-MOS ameras, see Turner et al. [154℄, are omposed by 7 idential
and front illuminated CCDs. Eah CCD is made of 600x600 pixels, and eah pixel
has a physial size of 40 µm (1.1 arseonds), forming a eld of view (FOV) of
about 10.9 by 10.9 armin. Therefore, the ombined FOV of eah of the two MOS
ameras is 30 armin. The read out time of these ameras is 1.5 ms, being sensitive
to photons in the energy range of 0.15-12 keV, with an energy resolution of ∼ 70 eV.
The EPIC-pn amera is made by a single monolithi silion wafer with 12 in-
tegrated bak illuminated pn-CCD hips, see Strüder et al. [155℄. The pn amera
is divided into four quadrants of three CCD elements. Eah CCD hip is made of
64x200 pixels, and eah pixel has a physial size of 150 µm (4.1 arseonds) with a
FOV of 13.6 by 4.4 armin. The total FOV of the EPIC-pn amera is also about
30 armin. The EPIC-pn amera an be operated in 6 modes. The read out time for
EPIC-pn amera depends on the sienti window mode being used. For instane,
in the extended full frame window mode the read out time is ∼ 200 ms, while in the
burst window mode the integration time is only 0.007 ms. The bandpass energy is
similar to the MOS ameras, from 0.15 to 15 keV with a spetral energy resolution
of ∼ 80 eV. At 1.0 keV the total MOS sensivity is ∼ 60 per ent of the EPIC-pn
amera
1
. At 0.5 keV the total MOS sensivity dereases to ∼ 40 per ent of the
one of the EPIC-pn. The simulated sensivity of the EPIC-pn for an extended and
unabsorbed soure, with a kBT = 0.3 keV (∼ 3.5× 106 K), using a Mekal thermal
plasma, is about ∼ 6×10−12 erg s−1 m−3 in the energy band of 0.1 to 2.4 keV, with
a total integration time
2
of 10× 103 s (103 s ≡ 1.0 ks). With an integration time of
100 ks a sensivity of ∼ 10−13 erg s−1 m−3 is reahed.
The x-ray photons are not the only photons to whih the EPIC detetors are
sensitive. They are sensitive to infrared (IR), optial (Op) and ultraviolet (UV)
quanta. To avoid a high degree of ontamination, due to these low energy radiation
photons, there exists a set of three lters. The Thin lter is made of 1600 Å of
1
From the XMM User's Handbook. Issue 1.1.
2
See gure 26 from the XMM User's Handbook. Issue 1.1.
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polyamide lm, with 400 Å of aluminium evaporated onto one side. The Medium
lter is made by the same material, but in this ase the thikness of deposited
aluminium is 800 Å. The third lter is the Thik lter. This is made of 3300 Å
thik Polypropylene with 1100 Å of aluminium, in onjuntion with a deposited
layer of aluminium with 450 Å.
3.2 Data Redution
The general proess of data redution and spetra extration in partiular, for study-
ing soft x-ray emission of Galati diuse soures, is deliate.
The environment in whih the spaeraft is embedded is a harsh one. This
means, that the system spaeraft-detetor is ontinuously subjeted to a bombard-
ment of osmi partiles, whih indues the formation of extra eletroni signals that
would not be present in normal onditions, during a sienti observation. These
eletroni signals, of dierent physial origins, ontaminate the astrophysial data
dierently. To avoid their presene in the astrophysial data, the raw data has to be
leaned from these physial eets. Otherwise, their presene on the nal data set
would imply, that the physial results derived from it would not be meaningful.
There is a further ompliation. Contrary to the analysis of spetra from point
soures, where we do have a proper instrumental bakground spetrum to be sub-
trated from the total spetrum, this is not the ase for extended Galati x-ray
soures. For this ase a dierent approah must be taken.
3.2.1 Cosmi-rays
Cosmi-rays indue the formation of uoresent x-ray emission lines during their
passage through the detetors. In the ase of the XMM-Newton observatory, when
they interat with the EPIC-pn and EPIC-mos ameras, they exite the material
out of whih they are made. These internal uoresent emission lines are the end
produt of the interation of osmi-rays with the EPIC ameras. They are present
in any EPIC spetrum and they are the result of the deay of exited eletrons on
the EPIC-pn and EPIC-mos ameras.
The most prominent features in the EPIC-pn amera are the Al Kα line at
1.487 keV, the Ni Kα at 7.5 keV and the Cu Kα lines at 8.048 and 8.6 keV. For
a detailed analysis of the spatial, spetral and temporal behaviour of this internal
detetor emission, see Freyberg et al. [156℄. For the EPIC-mos amera, besides the
Al Kα, there is a strong uoresent x-ray emission line of Si Kα at 1.7 keV, and
weaker ones of Cr Kα at 5.5 keV, Mn Kα at 5.89, Fe Kα and Au L (emission lines),
see Lumb [157℄ and Lumb et al. [158℄. In addition to these bound-bound transitions
from the detetor, there is also a ontinuous bremsstrahlung emission produed by
the osmi rays.
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3.2.2 Instrumental artifats
In this ategory three possible types of data ontamination an our. They are the
bad pixels, bad olumns and out-of-time events.
Bad pixels orrespond to CCD pixels whih exhibit a signal above a given thresh-
old in most of the read out frames. Most of these bad pixels are blanked out before
the telemetry of on-board eletronis. However, this does not mean that all bad pix-
els are properly agged during this proess, beause they an be in some transient
state, and therefore elusive, to the on-board software. Bad pixels an be reognized
as bright pixels in an image. At low energies they are the result of a leakage of
harge during the integration CCD frame aumulation time. These small signals
are indistinguishable from a signal generated by a real x-ray photon.
There are other additional features peuliar to eah amera [158℄. In the ase of
the EPIC-pn amera, they are bloks of bright pixels, typially 4 pixels in extent,
along the read out diretion. Their presene varies from observation to observation
and they are an artefat of the CCD oset bias level alulation at the start of eah
observation. When alulating the preise loal zero signal level, the average values
for eah pixel are determinated from about 100 read outs. However, this zero level
signals an hange over time due to osmi rays and due to highly ionizing events,
ausing an eletroni baseline drop.
At an energy of . 240 eV it is possible to nd streaks at the edge and near
the middle of the CCD array. Some of these features an be explained by the same
ourrenes of eletroni baseline drop. They an also be the result of harge transfer
loss during the read out, ausing the reation of a false event.
The EPIC CCDs for simultaneous x-ray imaging and spetrosopi appliations
must be operated in a way, that only one x-ray photon hits the detetor pixel without
an overlap in time and position of another photon.
For the EPIC-pn CCDs a omplete read out yle takes, in the full frame (FF)
window mode, 73.3 ms for a single CCD. From this time, 4.6 ms are required for the
read out proess itself, while the remaining 68.7 ms are used for sienti integration
time. In the ase of the extended Full-Frame (eFF) window mode, the omplete
read out yle is 199.2 ms, and from this, 4.6 ms are needed for the read out itself.
Therefore, in this ase, the integration time is 194.6 ms.
These numbers mean, that during the IMAGING mode a perentage of x-ray
photons hits the CCD, reating the so-alled out-of-time (OOT) events. In the eFF
window operating mode a total of 2.3% photons will be read out during this proess.
For the FF window mode a total of 6.3% events will happen during the read out
phase. More details on the EPIC-pn amera an be found in Strüder et al. [155℄ and
referenes therein.
During the read out proess, the harges are shifted along the Y diretion, whih
leads to the loss of the Y positional information. Therefore, during this read out
proess the information of the X oordinate, of this photon, is known, while the
information of the Y oordinate is lost produing the OOT events.
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3.2.3 Minimum Ionizing Partiles
The minimum ionizing partiles, or MIPs, are another possible soure of ontami-
nation. In the EPIC-pn amera the MIPs have been used to monitor the high bak-
ground spae environment [159, 156℄. The MIPs are due to high energy partiles,
suh as α partiles, protons, et, that penetrate the detetor, reating eletron-hole
pairs. The harge deposited in eah detetor pixel is very high - the mean harge
deposition in both EPIC ameras is greater than 10 keV per partile. These events
typially ross multiple pixels, and as suh an be rejeted by the event analyzer in
the EPIC-pn and EPIC-mos ameras aboard of XMM-Newton satellite.
Sine these events ross several pixels, they are easily identied as a non x-ray
photon and should therefore be rejeted. In the ase of the EPIC-mos ameras
the expeted rejetion eieny is of the order of ∼ 99% [160℄. For the EPIC-
pn amera this information is not available. This issue will be disussed in more
detail in setion 3.4, when a seond losed lter observation is used for the purposes
of produing an instrumental bakground spetrum. Another omponent, made by
seondary gammas and exited eletrons is expeted to take plae due to the partile
interations in the surroundings of the spaeraft [160℄.
3.2.4 Soft Proton Flares
A physial phenomenon whih onsiderably aets the XMM-Newton and the Chan-
dra X-ray performane, are the soft proton ares (SPFs). The origin of these proton
ares is still a matter of debate. The standard interpretation is, that these soft
protons have a solar origin. It is ommon in the literature to nd the designation
of soft solar protons. However, measurements of the XMM-Newton indiate, that
these events are likely to be related with magnetospheri reonnetion, during whih
the soft protons are aelerated to keV energies [157℄.
Even if they seem to be an unpreditable phenomenon, they our more fre-
quently further away from the apogee
3
[157℄. They have typially energies of the
order of a few 100 keV. This type of ontamination by SPFs, aets 40 to 50 per
ent of the dediated user observing time. Unfortunately, this seems to be an unpre-
ditable physial proess ouring in the environment of the satellite, whih means
that all observations are suitable to be aeted by it.
3.3 Cleaning and Filtering the Raw Data
An algorithm was developed, using the XMM-Newton Data Siene Analysis Soft-
ware
4
(SAS), to lean the EPIC-pn event les from bad pixels, bad olumns and
from periods of soft proton ares. In addition, all deteted point soures in the eld
3
The point in the orbit of a satellite whih is furthest away from the fous of the orbit of
the satellite. For the XMM-Newton the apogee is 114000 km and the perigee is 7000 km. The




For further details on the XMM-Newton Data SAS tasks, onsult the doumentation available
on-line at http://xmm.vilspa.esa.es/sas/7.0.0/do/pakages.All.htm
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of view were also removed, sine we were only interested in studying the extended
diuse Galati x-ray emissions.
In the rst stage of the algorithm the proedure of removing the bad olumns
and bad pixels is implemented. This step is done with the evselet task and by
using the lter expression: (FLAG == 0). With this ag, not only bad olumns,
bad pixels and osmi rays are removed, but all events at the edge of a CCD and
at the edge to a bad pixel. If no are is taken, the harge assoiated to these bad
pixels might be lost into nearby pixels, produing, e.g., a wrong spetrum.
After ltering the data for suh detetor noise, a ount rate or a light urve in a
given energy band is reated by the SAS evselet task, in order to be used to lean
the data from periods aeted by soft proton ares (SPFs). For produing the ount
rate light urves, the standard time bin size of 40 seonds was used. These light
urves are then transformed into a histogram to investigate the distribution of ounts
for that partiular observation. Sine the data is still ontaminated with SPFs, this
means that our histogram will be omposed by the diuse x-ray emission, x-ray
soures and SPFs. As a random proess, the SPFs ounts will distort the expeted
Poisson ount distribution for onstant soures, speially for extended diuse x-
ray soures. Galati x-ray emission of plasmas are onstant astrophysial proesses,
at least during the observation time. These histograms are then used to dene a
domain of ount rates in whih the data is assumed not to be ontaminated by SPFs.
These ount rates are further used to dene good time intervals.
A good time interval (GTI) is then reated with the SAS tabgtigen task for
further leaning the raw data from SPFs periods. At this stage the event le should
be lean from bad pixels, bad olumns and from SPFs periods. For pre-aution,
however, the event le is always heked again for some possible un-removed bad
pixels or bad olumns. The event le is then ltered using the GTI le. Produts,
suh as images and spetra are now possible to be produed. Simultaneously, the
data is ltered, using the lter keyword (PATTERN ≤ 4). This less severe onstrain
on the pattern keyword has been allowed only for soure detetion purposes. For
spetra extration the keyword PATTERN was set to zero, whih means, that only
events agged as single were taken, when extrating spetra.
At this stage, ve images in the energy bands of 0.25-0.5 keV, 0.5-2.0 keV, 2.0-
4.5 keV, 4.5-7.5 keV and 7.5-12.0 keV are produed for soure detetion with the
SAS edetet_hain task. The deteted point soures are then removed, using the
fselet task of the FUTILS sub-pakage from the FTOOLS
5
pakage provided by
the NASA High Energy Astrophysis Siene Arhive Researh Center (HEASARC).
The use of some tasks from FTOOLSinstead of SAS tasks was neessary, be-
ause during the development of most part of this thesis, it was not possible to
remove point soures and extrat spetra from extended soures from the remaining
detetor area without problems. More speially, problems would have appeared
by using the arfgen task. Negative or unaeptable positive values would have
been obtained for the bad pixel and hip gap fration parameter. This meant, that
a dierent solution had to be found. To work around this problem, an algorithm
5
http://heasar.gsf.nasa.gov/lheasoft/ftools/
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was onstruted, in order to remove the point soures without the use of the SAS
evselet or the SAS region tasks. Now, these tehnial problems seem to have
been solved sine the middle of the year of 2006.
The algorithm was implemented in FORTRAN 90. As input information, the
soure ounts and the soure bakground ounts alulated by the SAS edetet
_hain task were used. These information is stored in the emllist.ts le. With
the use of a point spread funtion (PSF), the radius at whih the level of the soure
ounts equals a given fration of the soure bakground ounts ould be estimated
and used to dene a ut out radius. The ut out radius is alulated, assuming that
the PSF on-axis desribes all soures, even the ones o-axis. The PSF dependenes,
suh as energy, o-axis angle and others, were not onsidered, sine we were mainly
interested in nding a maximum radius, at whih the soure ounts equals a dened
fration of the soure bakground ounts. The drawbak of this assumption is the
redution of the available detetor area for spetra extration. The fration value of
the soure bakground ounts used, was always less than 10 per ent of the soure
bakground ounts. Whenever neessary, this parameter was lowered, in order to
insure that the ut out radius was large enough to ontain the soure and the spikes,
if present. Having reahed this stage, the deteted point soures were removed from
the original raw data le after leaning and ltering the event le with the SAS
evselet task, having as lter expression: (PI in [200:7000℄)&&(PATTERN ==
0)&&(FLAG == 0).
The new lean and ltered event le was then used to produe new produts,
suh as a new GTI le with a dierent time bin size. This new GTI le was then used
to produe ount rate light urves, having the same time bin size as the newly GTI
le in spei energy bands. The energy bands are the 0.5-0.75 keV, 0.75-2.0 keV and
2.0-8.0 keV, whih allow us to study the diuse soft x-ray emission variability during
the observation. This is partiular important to detet possible x-ray emission due
to solar wind harge exhange (SWCE) [149℄. In the energy band of 2.0-8.0 keV the
dominant emission is due to the Cosmi X-ray Bakground,
6
whih is onstant. For
the energy band ase of 0.5-0.75 keV, the emission is of galati, intergalati or more
loal origin. The galati and intergalati x-ray emission in the observing time
sale is onstant. Therefore, if, after removing the deteted point soures, variability
is deteted in this band, it means, that there is a loal ontribution most likely, due
to the emission of the O vii, O viii and Fe xvii ions present in the solar wind. If,
indeed, there is variability, then one should observe a deviation of the ount rate on
this soft band, in the 0.5-0.75 keV versus 2.0-8.0 keV sattergram. The next step of
the algorithm is the extration of spetra.
3.4 Spetra Extration
The spetra extration is performed, using the SAS evselet task. At this stage
the event le has been leaned and ltered in the spae phase of energy, time and
6
The Cosmi X-ray Bakground is believed to be mainly produed by an unresolved osmi
population of Ative Galati Nulei (AGNs).
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in the photon events quality. In terms of the photon energy, we have only made use
of photons with energy lying in the interval of 0.2 keV to 7.5 keV. The main reasons
to restrit the photon energies to the former interval, is the poor alibration below
0.2 keV and the presene of instrumental lines above 7.5 keV. However, during the
spetral t proedure, the energy interval was onstrained to the interval of 0.25 keV
to 7.5 keV. The reason to start the x-ray spetral t at 0.25 keV and not at 0.2 keV
is related to the fat, that the APEC plasma ode has a lak of emission lines below
0.25 keV. Therefore, x-ray data below 0.25 keV were not inluded during the t.
The event le has also been ltered with a GTI le, in order to remove periods
aeted by soft proton ares (SPFs). The photon quality is ensured by using the
keyword (PATTERN==0) in the lter expression. This means, that spetra will
only be omposed by single-pixel x-ray photons. If we would allow photons with a
(PATTERN > 0), then the spetrum would also be omposed by photons, whih
hit the boundary of the pixel. When the photon hits a region near the boundaries,
part of the deposited harge is lost to a nearby pixel and two photons will be read
out, faking a dierent spetrum. Also, in order to avoid problems resulting from
extrating spetra from regions of the detetor aeted by the out-of-time events,
due to bright x-ray soures, the assoiated out-of-time olumns and nearby ones
were removed. By doing so, we ensure that our spetrum is as little as possible
ontaminated by OOT spetra of bright soures.
The analysis of an astrophysial spetrum requires the existene of a proper
instrumental bakground spetrum for subtration purposes. For the ase of spetral
analysis of point soures it is suient to use some near region to the soure on the
CCD, to obtain a bakground spetrum. This simple tehnique will subtrat from
the spetrum all spetral features assoiated to the detetor. In priniple, with
this proedure, not only all spetral detetor features are removed, but also the
astrophysial bakground spetrum is removed from the soure spetrum.
The tehnique desribed above is not appliable, when analyzing the spetrum
of diuse x-ray soures, whih ll all eld of view of the detetor. And in partiu-
lar, when we are interested in studying the astrophysial bakground itself. The
astrophysial bakground is omposed by several omponents of loal, galati, in-
tergalati and osmi origin. The loal emission ontribution an be omposed by
some small perentage of x-ray emission due to solar wind harge exhange (SWCE).
The galati ontribution, whih is not isotropi in nature, is due to the Loal Bub-
ble (LB), the hot interstellar gas and due to the hot galati halo. The intergalati
omponent is believed to be due to the hot baryons, while the osmi omponent is
the result of all ontributions on an unresolved population of AGNs. Therefore, our
spetrum is made by these ontributions, whih must be taken into onsideration
when modelling the spetrum. However, the main diulty does not arrive, in prin-
iple, from these astrophysial omponents themselves, but from the instrumental
bakground, in onjuntion with short observation times.
To study these several of x-ray astrophysial bakgrounds, a new method had
to be developed to deal with the instrumental bakground. The adopted approah
is to onsider, that a representative instrumental bakground spetrum an be ob-
tained from a losed lter EPIC-pn XMM-Newton observation. There is, however,
3.4. SPECTRA EXTRACTION 47
a number of requirements to follow when using this approah.
In the rst plae, the same ltering riterion as used for the siene observation
must be applied for the losed observation. Extremely important is the removal of
the exat detetor regions of the losed observations, as the ones orresponding to
the extration soures and OOT events.
Seondly, we must verify that our observation with the lter wheel in the losed
position had the same operating mode as the siene observation. This means, that,
if the siene observation used, for instane, the Extended-Full-Frame (eFF) mode,
then the proper losed observation must have the same eFF mode. The onsequene
of not using a losed observation with the same operating mode means, that the OOT
events ontribution will be dierent with a subsequent ontamination of the data,
for instane.
The third requirement to follow is, to verify that both, siene and losed ob-
servations, have the same detetor operating settings.
The fourth and until now undeteted problem, to deal with, is the radiation
bakground level during eah of the observations - siene and losed. As mentioned
in the beginning of this hapter, the environment in whih the spaeraft is embedded
is a harsh one. This means, that the XMM-Newton satellite is subjeted to a
multitude of types of radiation: osmi rays, soft protons, ionizing partiles and
others.
During the study of the x-ray sky bakground spetra obtained by the EPIC-pn
amera, it was realized, that the parameters derived for the power-law, representing
the CXB, had dierent values from the ones obtained on other analyses to the CXB
by Gendreau et al. [161℄ and Lumb et al. [158℄.
The dierene between these derived values was found to be the result of the
subtration of the sky spetrum from an improper detetor bakground spetrum.
The onit between these dierent analyses was resolved after realizing, that, most
likely, not all MIP events had been properly deteted/removed on-board of the
XMM-Newton spae observatory.
Sine the launh of the XMM-Newton satellite, the environment radiation level
has been monitorized using the olleted data from the number of maximum ionizing
partiles (MIPs) [159, 156℄. If the event amplitude, whih is read out for a pixel,
exeeds a given threshold (3000 adu ∼ 15 keV), then not only the olumn, in whih
this pixel is loated, but also the left and right olumns are rejeted by the on-
board software for the Full-Frame (FF), for the Extended-Full-Frame (eFF) and
for Large-Window (LW) modes. The number of rejeted olumns is written as
Disard Line Counter (NDISCLIN) to the PNAUX2 extension into the auxiliary
le (...AUX.FIT). The observed number of rejeted olumns, whih basially gives
the number of olumns in eah quadrant of the EPIC-pn amera, where a MIP is
deteted, were used to derive a numerial value, that ould be used as a orretion
fator for the exess of deposited harge on the EPIC-pn amera. This issue will be
developed further in § 3.6 when disussing the method, used to alulate the average
number of rejeted olumns, and where it is explained how to orret it.
The next step of the algorithm is the extration of spetra for sienti analysis
with the SAS evselet task. This is done by seleting the interesting regions in the
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EPIC-pn eld of view in detetor oordinates (DETX,DETY). The exat regions in
detetor oordinates of the losed observation are used to extrat a proper instru-
mental bakground spetrum. By doing so, we avoid the introdution of problems
that would appear, when using distint detetor regions for the instrumental bak-
ground spetra relative to the sienti ones. The objetive of this proedure is
to redue possible eets arising from the detetor spatial behaviour, see Freyberg
et al. [156℄.
The three nal steps of the algorithm onsist on the reation of a redistribu-
tion matrix le (RMF) with the SAS rmfgen task and the reation of an anillary
response le (ARF), with the SAS arfgen task for eah individual spetrum. The
SAS rmfgen task generates the appropriate responses of the instrument as a fun-
tion of energy and PI hannel for the extrated spetra, while the SAS arfgen task
is used to alulate the proper eetive area, lter transmission and quantum ef-
ieny for eah spetrum. These spetra are then binned and orreted with the
suitable detetor bakground spetra with the response of the instrument and with
the anillary response using the HEASARC FTOOLS grppha
7
task.
We ould then proeed for spetral analysis with the X-Ray Spetral Fitting
Pakage
8
(XSPEC). However, before that, an investigation of the spetral signature
of soft proton ares was onduted.
In the EPIC-mos ameras there is a substantial ative CCD area outside the
nominal eld of view, and dened by the optial bloking lter, that is normally
used to obtain the instrumental bakground spetrum. In general, it is assumed
that this zone is representative of the true EPIC-mos ameras internal bakground,
beause it is not expeted that the soft protons and sky photons are foused by the
x-ray mirrors to this region of the detetors.
3.5 The Spetral Signature of the Soft Proton Flares
An investigation on the spetral signature of the soft proton ares (SPFs) is manda-
tory, beause no study has been performed to investigate the onsequenes of the
presene of soft protons in the data. In partiular, it is important to investigate,
if there are x-ray emission lines assoiated to the spetrum of the soft protons. To
performe this analysis, a set of XMM-Newton observations aeted by SPFs was
used. This set of observations is shown in table 3.1.
The spetrum, obtained during periods ontanimated by SPFs, is omposed
by the astrophysial spetrum plus the spetrum due to the SPFs. Therefore, for
revealing the signature of SPFs, a spetrum omposed only by the astrophysial
signal, the leaned period, had to be used for bakground subtration purposes.
What was done to perform suh a study was, to lean the raw data of these
observations from bad pixels and bad olumns, and to remove the area of the de-




The doumentation of this x-ray spetral tting pakage an be found at the HEASARC
website http://heasar.nasa.gov/dos/xanadu/xspe/
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Observation Filter Observation Eposure Galati Galati Target
# ID Date Time [ks℄ Longitude Latitude Name
0131 0110660101 Medium 2000-08-26T07:03:54 17 159.18
◦ −34.46◦ MBM 12 a
0213 0110660301 Thin 2001-02-05T16:00:09 26 159.31
◦ −34.55◦ MBM 12 b
0230 0086360301 Medium 2001-03-11T13:29:45 71 168.74
◦ −15.48◦ V410 Tau a
0230 0086360401 Medium 2001-03-12T10:20:21 41 168.74
◦ −15.48◦ V410 Tau b
0271 0111550401 Thin 2001-05-18T09:38:04 92 125.90
◦ +54.86◦ HDFN⋆
0321 0112480101 Thin 2001-09-09T13:12:03 16 355.50
◦ +14.58◦ Oph 1
0321 0112480201 Thin 2001-09-09T19:41:34 14 355.26
◦ +14.39◦ Oph 2
0401 0109880101 Thin 2002-02-15T16:57:16 122 182.48
◦ −28.27◦ Abel 478
0405 0112480301 Thin 2002-02-24T13:46:56 14 355.05
◦ +14.26◦ Oph 3
(a) XMM-Newton revolution number.
⋆
The Hubble Deep Field North target.
desribed in setion 3.3, but only for the EPIC-pn data. After removing the soures,
we have reated three GTI leswhen possiblereeting dierent observation pe-
riods. With these GTI les spetra were extrated from 10 regions of the detetor.
The rst nine regions have a radius of 5.83(3) armin, having an o-set, relative to
eah other, in order to over all the eld of view of the detetor. This was done in
order to investigate possible variations over the detetor area. The tenth region has
a radius of 12.5 armin, and basially overs all detetor CCDs. The exat enter
positions of these regions, given in detetor oordinates, are shown in table 3.2.
After the extration of point soures, a new ount rate light urve was produed.
This light urve is then transformed into a histogram, whih is used to dene appro-
priate ount rate intervals. With the use of these intervals, new GTI les are reated.
These GTI les are then used to extrat spetra from these dierent periods, reet-
ing the ontamination or not by SPFs. The rst GTI le is used to produe spetra
with the generi designation of Spetrum1i.pha, with i running from 01 to 10, see
table 3.2.
Table 3.2: The spetra extration regions in detetor oordinates used for the study of
the spetral signature of soft proton ares.
Region DETX DETY Radius Region DETX DETY Radius
Number i Number i
01 +4956.5 +6672.5 7000 06 +4956.5 −767.5 7000
02 −1843.5 +6672.5 7000 07 +4956.5 −9000.5 7000
03 −9363.5 +6672.5 7000 08 −1843.5 −9000.5 7000
04 −9363.5 −767.5 7000 09 −9363.5 −9000.5 7000
05 −1843.5 −767.5 7000 10 −2243.5 −1167.5 15000
The spetra with the generi designation of Spetrum2i.pha are obtained with
the seond GTI le, while the Spetrum3i.pha spetra were reated with the third
GTI le. In the following disussion the ited errors are given with a 90% ondene
level. The spetral index shown here orresponds to the ones from region number
10. The results for the other regions an be found in the tables of appendix B.1.
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Figure 3.1: MBM 12: The ount rate histograms of MBM 12 a (left) and MBM 12 b
(right) observations. Count rates above 50 were omitted from the plot and ount rates
above 40 were not onsidered for this analysis.
3.5.1 The spetral signature of SPFs, during two MBM 12
XMM-Newton observations
These sienti observations were assigned to study the diuse x-ray emission to-
wards the MBM 12 moleular loud. In partiular, to use the x-ray shadow produed
by the moleular loud to study the LB emission and the galati hot halo emission.
Two XMM-Newton observations, with a slight positional o-set, were used to study
the high bakground due to SPFs about six months apart. The observation with
the ID 0110660101, from revolution 0131, will be designated from now on simply as
MBM 12 a and the observation 0110660301, from revolution 0213, as MBM 12 b.
The XMM-Newton MBM 12 a observation was performed as part of the Guaran-
teed Time program on August the 26
th
, 2000, with a total duration of 17 ks. This
XMM-Newton EPIC-pn observation was performed, using the window Full-Frame
(FF) mode, and with the lter wheel in the Medium position. The seond obser-
vation MBM 12 b was done within the Guaranteed Time program on February the
5
th
, 2001, with a total integration time of 26 ks. In this ase the XMM-Newton
EPIC-pn observation was performed with the lter wheel in the Thin position and
with the FF mode.
In gure 3.1 are shown the two orresponding histograms produed with the
ount rate light urves. In observation MBM 12 a three ount rate intervals, dened
as 3.0 - 5.5, 5.5 - 20.0 and 20.0 - 40.0 ounts/s, were reated. They orrespond to
spetrum1i.pha, spetrum2i.pha and spetrum3i.pha, respetively. In the ase of
observation MBM 12 b, the intervals dened were 3.0 - 8.0, 8.0 - 20.0 and 20.0 -
40.0 ounts/s. As it an be seen, both observations are ontaminated by SPFs. In
partiular observation MBM 12 b, where only a short period is not irremediably
lost, see table 3.3.
The higher ount rate for the good period (spetrum1i.pha) in observation
MBM 12 b is the result of observing o-loud. Therefore, obtaining more photons
from the bakground of MBM 12 moleular loud.
3.5. THE SPECTRAL SIGNATURE OF THE SOFT PROTON FLARES 51
Table 3.3: The MBM 12 SPFs periods. The periods were dened using dierent ount
rates. For eah period a set of 10 spetra was produed, with the index i, running from 01
until 10, see table 3.2. This study was done in observations MBM 12 a and MBM 12 b.
Period Count Rate Spetra Designation Used Time Used Time
MBM 12 a MBM 12 b
1 3.0/5.0 - 5.5/8.0 Spetrum1i.pha 8.4 ks 1.4 ks
2 5.5/8.0 - 20.0 Spetrum2i.pha 2.5 ks 4.4 ks
3 20.0 - 40.0 Spetrum3i.pha 2.7 ks 14.6 ks
In order to study the SPF's spetral signature we have performed a spetral t,
using as bakground spetra the spetra obtained during the good periods. These
spetra are well tted with an unfolded power-law to the response of the detetor. In
XSPEC this is implemented as power-law/b. In the appendix table B.2 the results of
these ts are presented. For that, the SPFs from period two and spetra from period
one were used as bakground. The results of these two observations have revealed
that the spetral index was 0.60±0.03 and 0.65±0.04, for MBM 12 a and MBM 12 b,
respetively. The spetral index is represented by Γ and the normalization by Nor
in the appendix tables. The plots from these ts for regions number 10 are shown
in gure 3.2.
The same was done for period three. As a bakground we have used the spetra
from period one. Again, an unfolded power-law tted the spetra very well. The
results of these ts are presented in the appendix table B.3 for both, MBM 12 a
and MBM 12 b observations. In this ase, and for the detetor region number 10,
the spetral indies, derived from the spetral ts were 0.60± 0.02 and 0.64± 0.01
for MBM 12 a and MBM 12 b, respetively. The plots from these ts, for region
number 10, are shown in gure 3.3.
Finally, we have ompared the SPFs from periods 3 and 2. In this ase we have
used the spetra from period 2 as the bakground spetra. As before, these spetra
are well tted with an unfolded power-law. In appendix table B.4 the results from
these ts are shown for all detetor regions. Approximately, the same spetral indies
were found. The spetral index obtained for region number 10 were 0.60± 0.03 and
0.62±0.02 for MBM 12 a and MBM 12 b, respetively. The plots from the ts from
region number 10 are shown in gure 3.4.
3.5.2 The spetral signature of the SPFs during two observa-
tions of the V 410 T-Tauri star
The sienti purpose of these observations was the study of the x-ray emission from
the T-Tauri star V410. These two observations were hosen, in order to study the
SPFs in two onseutive observations and in exatly the same diretion of the sky. To
simplify the writing we will designate from now on the XMM-Newton observations,
see table 3.1, with IDs 0086360301 and 0086360401 from revolution 0230 by V 410 a
and V 410 b, respetively. The V 410 a and V 410 b observations were performed




of 2001 with an integration time
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Figure 3.2: MBM 12. The left plot shows the spetral signature of the soft protons
from period 2, using period 1 as bakground from region number 10, from the MBM 12 a
observation. On the right plot the equivalent spetrum of the soft protons from period 2 is
shown, with period 1 as bakground of region number 10 from the MBM 12 b observation.
Both spetra are well tted by an unfolded power-law.
Figure 3.3: MBM 12. The left plot shows the spetral signature of the soft protons
from period 3, using period 1 as bakground from region number 10 from the MBM 12 a
observation. On the right plot the equivalent spetrum of the soft protons from period 3 is
shown, with period 1 as bakground of region number 10 from the MBM 12 b observation.
Figure 3.4: MBM 12. The left plot shows the spetral signature of the soft protons
from period 3, using period 2 as bakground from region number 10 from the MBM 12 a
observation. On the right plot the equivalent spetrum of the soft protons from period 3 is
shown, with period 1 as bakground of region number 10 from the MBM 12 b observation,
for observation MBM 12 a.
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Table 3.4: The V410 Tau SPFs periods. The periods were dened using equal ount
rates. For eah period a set of 10 spetra was produed, with the index i running from 01
until 10, see table 3.2. This study was done in observations V 410 a and V 410 b.
Period Count Rate Spetra Designation Used Time Used Time
V 410 a V 410 b
1 4.5 - 7.0 Spetrum1i.pha 23.6 ks 12.6 ks
2 7.0 - 20.0 Spetrum2i.pha 21.4 ks 12.1 ks
3 20.0 - 40.0 Spetrum3i.pha 10.4 ks 2.9 ks
of 71 and 41 ks, respetively. The EPIC-pn amera was operated in both ases in
the FF mode, with the lter wheel in the Medium position.
In gure 3.5 we show the histograms of the ount rate for these two observations
only from 0 to 40 ounts/s. This interval was then divided in three subintervals,
Figure 3.5: V410 Tau. The ount rate histograms for observations V 410 a (left) and
V 410 b (right) of revolution 0230. The ount rate is only shown in the interval from 0 to
40. Count rates above 40 were omitted from the plot and from the present analysis.
where spetra were extrated for 10 regions. For these two observations we used the
intervals from 4.5 to 7.0, from 7.0 to 20.0 and from 20.0 to 40.0 ounts. In table 3.4
we show the relevant information of the ount rate and the exposure times for eah
observation.
As disussed in the subsetion 3.5.1 we have rst studied the spetral signature of
the SPFs from period 2, using bakground spetra obtained from period 1, from the
unontaminated period. The spetra were well tted with an unfolded power-law.
The omplete results of suh ts are shown in the appendix table B.5. The spetral
t for region number 10 gives a spetral index of 0.76 ± 0.04 and 0.64 ± 0.02, for
V 410 a and V 410 b, respetively. The plots of these two ts are shown in gure 3.6.
The same was performed for period 3. For that, we have tted the spetra with
an unfolded power-law and used as bakground spetra the spetra from period 1.
The results are presented in the appendix table B.6. In this ase the spetral ts
have revealed a spetral index of 0.69±0.04 and 0.59±0.02, for V 410 a and V 410 b,
respetively. The plots from these ts, for the detetor region number 10, are shown
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in gure 3.7.
We have also performed a spetral tting between the spetra from period 3 and
2. As done before, we have tted the spetra with an unfolded power-law, using
the spetra from period 2 as the bakground spetra. Again, the total results from
this ts are shown in the appendix table B.7. The spetral indies, derived from
these analyses on region number 10 were 0.67 ± 0.04 and 0.57 ± 0.03, for V 410 a
and V 410 b, respetively. Figure 3.8 shows the two orresponding plots from these
two spetral ts. As it an be seen, there seems to be a dierent population of
soft protons ourring during these two observations, due to their dierent spetral
indies.
3.5.3 The spetral signature of the SPFs during one of the
Hubble Deep Field North observations
This partiular observation was hosen, beause during this observation solar wind
harge exhange (SWCE) was deteted [149℄. It is important to verify, if some x-ray
emission due to this physial mehanism ould be present in periods of SPFs. If
present, then one should expet emission features at low energies, between 0.2 to
1.0 keV. We have denominated the XMM-Newton observation with ID 0111550401
from revolution 0271 simply as HDFN.
Figure 3.9: HDFN histogram. The ount
rate histograms for observation HDFN. The
ount rate is only shown in the interval from
0 to 50. Count rates above 50 were omitted
from the plot and above 40 not inluded in
the analysis.
The EPIC-pn amera was operated
in the FF mode, using the lter wheel in
the Thin position. This XMM-Newton
observation exeuted on May the 18
th
,
2001, was part of the Guaranteed Time.
As desribed in the previous subse-
tions, a ount rate light urve is pro-
dued for this partiular observation.
This light urve is then transformed in
a histogram as shown in gure 3.9. The
light urve is then divided into three dif-
ferent ount rate intervals, namely 5.0 -
8.0, 8.0 - 20.0 and 20.0 - 40.0. The rst
interval orresponds to period 1, the se-
ond interval to period 2, and nally, the
third interval to period 3, see table 3.5
for more details. After extrating the
spetra for eah of these periods, we
have tted the spetra with an unfolded power-law, like done for the other pre-
vious observations.
The spetra from period 2 were tted, using as bakground spetra the spetra
from period 1. The results of these ts for eah detetor region are shown in the
appendix table B.8. The spetral index derived from the t was 0.72± 0.03 for the
detetor region number 10. The orresponding plot for region number 10 is shown
in gure 3.10a.
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Figure 3.6: V410 Tau. The left plot shows the spetral signature of the soft protons
from period 2, using period 1 as bakground from region number 10 of observation V 410 a.
On the right plot the equivalent spetrum of the soft protons from period 2 is shown, using
period 1 as bakground from region number 10, from observation V 410 b.
Figure 3.7: V410 Tau. The left plot shows the spetral signature of the soft protons
from period 3, using period 1 as bakground from region number 10 of observation V 410 a.
On the right plot the equivalent spetrum of the soft protons from period 3 is shown, using
period 1 as bakground from region number 10, from observation V 410 b.
Figure 3.8: V410 Tau. The left plot shows the spetral signature of the soft protons
from period 3, using period 2 as bakground from region number 10 of observation V 410 a.
On the right plot the equivalent spetrum of the soft protons from period 3 is shown, using
period 2 as bakground from region number 10, from observation V 410 b.
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Table 3.5: The HDFN SPFs periods. The periods were dened using equal ount rates.
For eah period a set of 10 spetra was produed, with the index i running from 01 until
10, see table 3.2. This study was done in observations HDFN.
Period Count Rate Spetra Designation Used Time
Rev 0271/0401
1 5.0 - 8.0 Spetrum1i.pha 70.9 ks
2 8.0 - 20.0 Spetrum2i.pha 6.8 ks
3 20.0 - 40.0 Spetrum3i.pha 2.3 ks
Also the spetra from the third period were tted, using as bakground the
spetra from period 1. The same proedure was applied, and the spetra were then
tted with an unfolded power-law. The results of this analysis are presented in
the appendix table B.9. The plot from the t of region number 10 is shown in
gure 3.10b. The spetral index derived for this period was 0.65 ± 0.02, again for
the detetor region number 10.
In a similar way the spetrum orresponding to period 3 was tted, using as
bakground spetrum the one of period 2. In table B.10 the results of suh ts are
given. In this ase a spetral index of 0.63± 0.03 was obtained. In gure 3.10 the
plot of the t for region number 10 is presented.
3.5.4 The spetral signature of the SPFs during the observa-
tions of Ophiuhus.
A similar analysis was also performed for our XMM-Newton observations, dediated
to study the x-ray shadow due to the Ophiuhus moleular lament. This study was
only arried out for two of the three observations. The observations analyzed were
Oph 1 and Oph 3. Observation Oph 2 was a very lean one and therefore not
onsidered for this analysis. Observations Oph 1 and Oph 3 were performed as
part of the Guaranteed Time program on September the 9
th
2001 and Oph 3 on
February the 24
th
, 2002, about six months apart. The Oph 1 and Oph 3 XMM-
Newton observations had a total integration time of 16 and 14 ks. In both ases
the EPIC-pn amera was operated in the eFF window mode, with the lter wheel
in the Thin position.
After removing the deteted point soures, a light urve for the ount rate was
produed for these two observations. The light urves were then transformed into
histograms. These histograms are shown in gure 3.11.
Two intervals 4.0 - 7.0 and 7.0 - 32.0 for observation Oph 1 and 6.0 - 8.5 and
8.5 - 24.0 for Oph 3 were then dened, see table 3.6. These intervals were used to
reate GTI les whih were then used to extrat spetra for these two periods.
The spetra were tted with an unfolded power-law. For the bakground spetra,
the spetra from period 1 were used. The total results of suh ts are shown in
the appendix table B.11. The analysis to the SPFs for these observations reveal a
spetral index of 0.90±0.04 and 0.58±0.07 for Oph 1 and Oph 3, respetively. The
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Figure 3.10: HDFN. Spetral t plots of the soft proton ares. Figure 3.10a is the
spetral t of the soft proton ares in period 2, using period 1 as bakground. Figure 3.10b
is the equivalent spetral t of the soft proton ares in period 3, using the period 1 as
bakground. Finally, gure 3.10 is the orresponding spetral t of the soft proton ares
in period 3, with the period 2 as bakground.
Figure 3.11: Ophiuhus histograms. The ount rate histograms for observation Oph I
(left) and observation Oph III (right) of revolutions 0321 and 0405, respetively . The
ount rate is only shown in the interval from 0 to 40. Count rates above 40 were omitted
from the plot and not onsidered for this analysis.
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Table 3.6: The Ophiuhus SPFs periods. The periods were dened, using dierent
ount rates. For eah period a set of 10 spetra was produed, with the index i running
from 01 until 10, see table 3.2. This study was done in observations Oph 1 and Oph 3.
Period Count Rate Spetra Designation Used Time
Oph 1 and Oph 3
1 4.0/6.0 - 7.0/8.5 Spetrum1i.pha 13.5/7.3 ks
2 7.0/8.5 - 32.0/24.0 Spetrum2i.pha 2.1/6.1 ks
plots from the ts from region number 10 are shown in gure 3.12.
Figure 3.12: Ophiuhus. The plot shows the spetral signature of the soft protons
from period 2, using period 1 as bakground from region number 10 of observation Oph 1
(left). On the right plot the equivalent spetrum of period 2 is shown, using period 1 for
observation Oph 3.
3.5.5 The spetral signature of SPFs during the XMM-Newton
observation of the Abell 478 galaxy luster
The Abell 478 galaxy luster target [162℄ was also investigated, beause it had long
exposure times and it is an extended x-ray soure.
Figure 3.13: Abell 478 Cluster His-
togram. Count rates above 100 were omitted
from the plot and above 40 not onsidered for
this analysis. Three intervals were used to do
this analysis.
This observation was performed as
part of the Guaranteed Time program
on February the 15
th
, 2002, with a to-
tal duration of 122 ks. The XMM-
Newton EPIC-pn observation was per-
formed, using the window extended-
Full-Frame (eFF) mode, with the lter
wheel in the Thin position. The ount
rate light urve was produed in the en-
ergy range of 0.2 to 8.0 keV, with a time
bin size of 40 s, and then transformed
into a histogram as shown in gure 3.13.
With the help of this histogram three
intervals of the ount rates were ho-
sen. They are the interval of 13.5 to
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17.5 ounts, the interval of 17.5 to 25.0 and the interval of 25.0 to 40.0 ounts per
seond, all presented in table 3.7.
These analyse have shown a spetral index of 0.68±0.02, 0.62±0.01 and 0.58±
0.02. The global results from this observation are given in the appendix tables B.12,
B.13 and B.14, respetively.
Table 3.7: The Abell 478 luster SPFs periods. The periods were dened using dierent
ount rates. For eah period a set of 10 spetra was produed, with the index i running
from 01 until 10, see table 3.2.
Period Count Rate Spetra Designation Used Time
Abell 478 luster
1 13.5 - 17.5 Spetrum1i.pha 59.3 ks
2 17.5 - 25.0 Spetrum2i.pha 48.6 ks
3 25.0 - 40.0 Spetrum3i.pha 11.5 ks
Figure 3.14: The plot shows the spetral signature of the soft protons from period 2
from region number 10 for the observation of the Abell 478 Cluster.
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Figure 3.15: The plot shows the spetral
signature of the soft protons from period 3,
using period 1 as bakground from region
number 10 for the observation of the Abell
478 Cluster.
Figure 3.16: The plot shows the spetral
signature of the soft protons from period 3,
using period 2 as bakground from region
number 10 for the observation of the Abell
478 Cluster.
This analysis shows, that the only ontribution of these SPF events to the global
x-ray spetra is with a ontinuum signal. Their spetra do not show any kind of
emission lines, and they are well desribed by a power-law. Also, these analyse do
not reveal any signiant variation aross the EPIC-pn amera.
3.6 MIPs Again
In this setion a desription of the proedure, developed to orret the ontamination
of MIPs, will be summarized.
As mentioned, in setion 3.2.3, the MIPs were found to aet the astrophys-
ial data in an unexpeted way. In partiular, when analyzing the x-ray spetra
of some XMM-Newton observations in the same sky region, the normalization of
the extragalati power-law was found to vary 2 to ∼ 2.5 times. Besides show-
ing variability within this small sky region, their values were also lower than one
should expet from other studies of the extragalati omponent. The deviation of
the expeted extragalati power-law normalization was rst realized when study-
ing the extragalati omponent in diretion of the Hyades star luster, lying at a
distane of ∼ 46 p [163℄. In fat, there where already some suspiions regarding
the XMM-Newton Ophiuhus observations. This is, why an analysis of the extra-
galati omponent in the opposite sky diretion to the Ophiuhus observations was
initiated. In table 3.8 the main properties of the XMM-Newton observations used
in this study are resumed.
In gure 3.17 the spetra from the four XMM-Newton Hyades observations (in
blak) as well as the two losed EPIC-pn observations (in red) are superimposed
to infer the internal detetor bakground spetra. In two of these observations,
namely on Hyades A and Hyades B, there are some indiations of a dierent inter-
nal bakground. For, when we ompare the Cu K x-ray uoresene emission lines
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Table 3.8: The main properties of the Hyades XMM-Newton observations. The values
presented in this table orrespond to the ones of the EPIC-pn amera.
Rev Observat. Filter Observat. Time Galati Galati Target
# ID Date [ks℄ Longitude Latitude Name
0049 0094810301 Thin 2000-03-16T00:12:12 10 179.7830
◦ −20.5840◦ Hyades X
0059 0122320701 Closed 2000-04-05T07:06:39 52 279.9951
◦ −19.8089◦ Closed A
0135 0101440501 Thik 2000-09-03T03:08:43 43 180.2301
◦ −21.9713◦ Hyades A
0138 0109060301 Medium 2000-09-10T10:18:12 55 178.8850
◦ −20.0110◦ Hyades B
0321 0112480101 Thin 2001-09-09T13:12:03 16 355.50
◦ +14.58◦ Oph 1
0321 0112480201 Thin 2001-09-09T19:41:34 14 355.26
◦ +14.39◦ Oph 2
0355 0106660401 Closed 2001-11-16T17:31:31 30 39.262
◦ −52.957◦ Closed
0405 0112480301 Thin 2002-02-24T13:46:56 14 355.05
◦ +14.26◦ Oph 3
0410 0101441501 Medium 2002-03-06T06:44:07 47 180.5870
◦ −23.5390◦ Hyades C
0462 0134521601 Closed 2000-04-05T07:06:39 23 275.3203
◦ −33.0685◦ Closed B
(at ∼ 1600 adu9), a disrepany on its intensity is evident. Also, the losed EPIC-pn
observations show that the Al k x-ray uoresene emission lines (at ∼ 300 adu)
have the same intensity as the Hyades XMM-Newton observations. This should not
be the ase, sine the spetrum from an astrophysial observation is omposed by
the astrophysial spetrum plus the internal detetor bakground spetrum. There-
fore, the intensity of the Al k emission line of the detetor bakground should be
smaller than the global spetrum. The spetra are shown in adu units instead of the
ustomary energy hannels, given in units of keV. The data redution and spetra
extration for these observations follow the reipe desribed in previous setions.
The information, stored in the elds F1330 (quadrant 0), F1375 (quadrant 1),
F1420 (quadrant 2), and F1465 (quadrant 3), from the main periodi housekeeping
le (PMH), were used to alulate the average value of rejeted olumns (RC) due
to MIPs. The PMH les are rst ltered, using the same GTI les as the one
used for spetra extration, beause we are only interested in knowing what was the
number of disarded olumns during the good time period. The default time bin
size of the PNX00000PMH les, during the proess of data reording, is 8.0 s. In
order to perform a onsistent analysis it is neessary to rebin this interval time size
into the same time bin size as the GTI le. In the present analysis this meant to
rebin the time bin size of the PNX00000PMH les into 40.0 s. After the rebinning
proess these les were ltered with the appropriate GTI les, as used to produe
produts suh like images and spetra. After binning the rejeted olumns, the
average number of rejeted olumns is alulated. This proedure is applied in
both, siene and losed observations.
The ideal ase would be to have the same average number of rejeted olumns
in both observations. Therefore, sine we should have approximately the same
PMH value for both, sienti and losed observations, one an use the ratio be-
9
Analog to Digital Units (adu). Engineering units used to desribe the quantization of the
harge per pixel in the CCD detetor. To onvert from adu units to eV units we must multiply the
adu units by 5.
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Figure 3.17: The spetra from the Hyades XMM-Newton observations. In eah of these
plots the x-ray sky spetrum (blak) and the proper detetor bakground spetrum (red)
are shown. The detetor bakground spetrum for subtration purposes in the Hyades
A and B show higher uoresene x-ray emission lines when ompared with the sienti
observations. This is an indiation of a possible ontamination, sine the signal of the sky
emission plus the detetor bakground should be higher than the signal from the detetor
itself.
tween these two values to artiially orret this physial eet. This orretion
is implemented, for instane, by hanging the EXPOSURE keyword from the de-
tetor bakground spetrum by the ratio RCbackground/RCobservation. This proedure
artiially inreases/dereases the number of ounts from the detetor bakground
spetrum, allowing a ompensation of this eet. For a deep analysis on this theme,
see Freyberg [2003℄,
10
Freyberg et al. [164℄ and Freyberg [2005℄.
11
A more profound
analysis on the non-linear read out behaviour of the eFF mode is under way and
will be presented elsewhere.
In gures 3.18, 3.19 and 3.20, the binned and ltered number of RCs from quad-
rant 0 (F1331), from the PNX00000PMH les are shown. These gures orrespond
to the Hyades and to the losed XMM-Newton observations. In the gure 3.24 the
same is presented, but for the Ophiuhus dark lament observations. Figures 3.21,
3.22 and 3.23 show the rejeted number of olumns versus the ltered ount rate for
eah of the three Hyades and orresponding losed observations.
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Figure 3.18: PMH (F1330) plots from quadrant 0 from the Hyades A and from the
losed A observations.
Figure 3.19: PMH (F1330) plots from quadrant 0 from the Hyades B and from the
losed A observations.
Figure 3.20: PMH (F1330) plots from quadrant 0 from the Hyades C and from the
losed B observations.
XMM-Newton observations are given.
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Figure 3.21: PMH (F1330) versus ount rate plots from quadrant 0 from the Hyades
A and from the losed A observations.
Figure 3.22: PMH (F1330) versus ount rate plots from quadrant 0 from the Hyades
B and from the losed A observations.
Figure 3.23: PMH (F1330) versus ount rate plots from quadrant 0 from the Hyades
C and from the losed B observations.
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Figure 3.24: MIPs in the XMM-Newton Ophiuhus Observations. Plots, showing the
number of rejeted olumns due to MIPs, during the good time interval. The plots shown
orrespond to the rejeted olumns of Quadrant 0.
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Table 3.9: The Periodi Main Housekeeping (PMH) les from the EPIC-pn XMM-
Newton observations. Column (1) shows the revolution number (Rev) of the observations,
while in olumn (2) and (3) the ID and extension le name are presented. In the table
olumns (4) to (7) show the average number of rejeted olumns for eah quadrant, within
the GTIs.
Rev ID File EPIC-pn Quadrant
# Extension 0 1 2 3
(1) (2) (3) (4) (5) (6) (7)
0049 0094810301 PNX00000PMH n.avai. n.avai. n.avai. n.avai.
0059 0122320701 PNX00000PMH 179.784 182.024 183.151 181.555
0135 0101440501 PNX00000PMH 156.681 157.209 157.557 156.783
0059 0122320701 PNX00000PMH 179.784 182.024 183.151 181.555
0138 0109060301 PNX00000PMH 155.561 154.781 155.778 156.123
0321 0112480101 PNX00000PMH 329.651 329.872 326.561 330.409
0321 0112480201 PNX00000PMH 330.714 331.317 323.977 329.204
0355 0106660401 PNX00000PMH 331.952 333.368 329.692 334.250
0405 0109880101 PNX00000PMH 350.572 345.676 343.526 346.897
0410 0101441501 PNX00000PMH 137.304 136.677 137.203 138.169
0462 0134521601 PNX00000PMH 131.647 129.833 129.897 130.684
n.avai. ≡ Not available at the time of this analysis.
Chapter 4
The Ophiuhus Dark Filament
The onstellation of Ophiuhus. A drawing from the German lawyer Johann Bayer (15721625)
taken from his elestial atlas Uranometria, Augsburg, 1603. This is onsidered to be the rst
elestial atlas due to the aurate indiation of star's position and brightness. Soure Astronomy
Eduation Review.
4.1 Introdution
In hapter 2, § 2.4 we have seen that the best way to disentangle the LB soft
x-ray emission from other Galati x-ray emissions is, to perform x-ray shadow
experiments, using nearby interstellar moleular louds. As disussed there, the soft
x-ray emission that is produed in the bakground of a loud of neutral and moleular
material, will be strongly attenuated, e.g., due to the photo-eletri absorption of
eletrons.
The main requisites to perform suh studies is the use of interstellar moleular
louds, with high olumn densities of H i and H2, whih are lose, preferentially
inside or on the boundaries of the LB. For that reason, the Ophiuhus moleular
loud was used to perform an x-ray shadow experiment.





and b= −10◦ to +20◦. In gure 4.1 a olumn density map of the Ophiuhus
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moleular omplex is presented. The aepted distane to this system of moleular
louds has varied over time, aording to the sensitivity of astronomial tehniques.
For instane, Bertiau [165℄ has loated the ρ Oph dense loud at a distane of 160 p.
This distane has been adopted by several authors suh as Imanishi et al. [166℄ and
Luhman and Rieke [167℄, who used distanes of 165 p and 160 p, respetively.
In the following dissusion we adopte the distane to the moleular loud to be
125±25 p, derived by de Geus et al. [168℄. This value is in good agreement with
more reent works. Knude and Høg [169℄, ombining the data from the Hipparos
parallaxes and the Tyho B - V olors, have inferred a distane of 120 p to the
Ophiuhus moleular omplex. More reently, Sujatha et al. [170℄ have used the
diuse far-ultraviolet (FUV) radiation from the Voyager observations to infer a
minimum distane of 100 p and a maximum of 125 p to the Ophiuhus moleular
loud omplex.
This moleular omplex has been intensely studied, due to its proximity and
to the ongoing star formation proess [see 171℄. In partiular, the densest louds,
suh as the ρ Oph, has been the mostly studied loud of this moleular system.
The CO survey, performed by de Geus et al. [172℄, has shown, that the system has
a total mass of ∼ 104 M⊙. The average density of H i has been estimated to be
∼2×103 m−3 [173℄. In the densest regions, many Young Stellar Objets (YSO)
have been identied. For instane, in a survey with the J, H and K infrared bands a
total of 332 YSOs have been deteted in ρ Oph [174℄. In other louds YSOs are also
present, but in smaller number. Stellar objets, that are in the formation proess,
produe opiously x-rays. Sine, in the densest regions of the moleular omplex
we nd a high number of suh objets, all that regions had to be avoided when
performing soft x-ray emission studies. Otherwise, it would have impaired this kind
of analysis, beause a big perentage from the eld of view would have to be masked
or removed. This would then imply a redution on the available olleting area, so
important in diuse emission studies. Moreover, the use of the densest regions on
suh studies would have as onsequene the ontamination of our x-ray data with
the x-ray emission from YSOs. To prevent these ompliations, a dark lament
region of the moleular omplex without star formation, but still with high olumn
densities, was hosen to do an x-ray shadow experiment.
As already alluded in hapter 2, in § 2.1, the ROSAT shadows experiments on
the Drao Nebula and on the Ursa Major have made lear, that about 50 per ent
of the ux in the 0.25 keV band is not originating within the LB.
The XMM-Newton satellite, due to his high eetive area over a wide range of
energies, allied to high sensitivity, spatial resolution (omparable to some ground-
based optial and infrared telesopes) and spetral resolution, has been hosen to
perform three pointings on the dark lament of the Ophiuhus moleular omplex.
In hapter 3, table 3.1, the Galati oordinates of these three XMM-Newton obser-
vations have been presented. These three pointings on dark lament were aimed to
the on-loud regions, where the soft x-ray emission bakground is eiently bloked,
and aimed to more o-loud, where the soft ompoment of the x-ray emission bak-
ground is not so severely absorbed.
In the following § we present a large sale image of the Ophiuhus moleular
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omplex and a zoom image, where the three XMM-Newtom pointings were taken
from.
4.2 The Ophiuhus neutral and moleular material region
The hydrogen olumn density map from Dikey and Lokman [175℄ and the CO map
from Dame et al. [176℄ are important tools, when one desires to estimate the amount
of neutral and moleular hydrogen in a given diretion in the Galaxy. However, they
have a poor spatial resolution, when performing detailed spatial studies as the one
presented here. In the present analysis we have adopted to use the extintion maps
produed by Lombardi and Alves [177℄, Ridge et al. [178℄. They have used the
intrinsi olors of stars in the near-infrared to produed an extintion Av map of the
Ophiuhus region.
This new extintion map has two main advantages regarding the former two.
Not only the olumn densities are better estimated, also the map has a higher
spatial resolution in the Ophiuhus region, see gure 4.1. A onversion fator of
2.0×1021 mag−1 m−2 was used to transform the Av map into a olumn density map
(Alves 2005, personal ommuniation). The inside box image of gure 4.1 shows a
lose look of the Ophiuhus moleular loud, where the XMM-Newton observations
were taken. The dierent olors orrespond to regions of the dark lament with
distint olumn densities. The white olor orresponds to high olumn densities,
whereas the blue olor orresponds to low olumn densities. In the dark lament, in
the regions of interest for this work, the olumn density ranges from 5.0×1020 m−2
to 1.6×1022 m−2. In table 4.1 we present the minimum and maximum values for the
total olumn density, from the 27 subregions investigated in the three XMM-Newton
observations. In olumns (1), (2) and (3) is shown the XMM-Newton observation
number, the organization set name and the orresponding number region, respe-
tively. In olumns (4) and (5) the sky positions oordinates. Finally, in olumn (6),
the measured olumn density gradient within eah subregion is presented.
4.3 The Ophiuhus dark lament X-ray shadow
Galati ISM X-ray shadows were rst observed with the ROSAT satellite by Snow-
den et al. [32℄ and Burrows and Mendenhall [31℄. These two observations have
releaved a shadow in the so-alled 1/4 keV energy band against the soft x-ray bak-
ground, produed by the interstellar Drao loud lying at a distane between 327
and 861 p [179℄.This shadow is the result of the absorption produed by the neutral
and moleular material present in the loud, whih eetively bloks the on-loud
1/4 keV bakground photons.
The same shadow eet produed by ISM louds an be observed with more
energeti x-ray photons, if the olumn densities assoiated to the louds are higher.
This is preisely the ase of the Ophiuhus dark lament, see gure 4.2. We have
produed a mosai image of the three pointings to the dark lament of the Ophiuhus
moleular loud. For eah pointing images in the 0.3 - 0.5, 0.7 - 0.9 and 0.9 - 2.0 keV
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Figure 4.1: The Ophiuhus moleular loud olumn density map. Lombardi and Alves
[177℄, Ridge et al. [178℄ have used the intrinsi olors of stars in the near-infrared to
produe an extintion map of the Ophiuhus region. This map was then transformed in
a olumn density map, using a onversion fator of 2.0×1021 mag−1 m−2. This map has
the advantage of a higher spatial resolution and a better estimate of the olumn densities
required to perform high spatial resolution studies of soft x-ray diuse emission. A square
root sale was used to generate the distribution of olors, starting at 1.0×1020 (blue) until
1.6×1022 m−2 (white). A sketh from the eld of views of the XMM-Newton EPIC-pn
amera is also shown by the blak lines. In the top left part of the image, a zoom to the
olumn density map is made for a better visualization of the olumn density gradient on
the three XMM-Newton pointings.
energy bands were reated, adaptively smoothed and merged, in order to reate a
olor image. During the smoothing proess a gaussian of ve pixels width was used.
Eah energy band was olor oded as follows: 0.3 - 0.5 keV as red, 0.7 - 0.9 keV as
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Table 4.1: Extration region positions from the XMM-Newton Ophiuhus Observations.
Eah XMM-Newton Ophiuhus observation was divided in nine sets, from A to I, to obtain
spetra for analysis, given in olumn (2). In olumns (4) and (5), the enter of these sky
regions are presented. In olumn (6) the minimum and maximum values of the total olumn
density for eah partiular region is shown. The olumn densities were obtained from the
extintion (Av) map of Lombardi and Alves [177℄, Ridge et al. [178℄.
Ophiuhus Set Region R.A. De NH Gradient
Observation # J2000 J2000 1022 m−2
(1) (2) (3) (4) (5) (6)
I G 1 16:40:36.00 −23:58:03.2 0.36 - 0.98
I H 2 16:41:00.52 −23:59:04.1 0.46 - 1.40
I I 3 16:41:27.61 −24:00:07.8 0.49 - 1.69
I D 4 16:41:22.50 −24:06:54.3 0.99 - 1.78
I E 5 16:40:55.39 −24:05:50.5 0.64 - 1.62
I F 6 16:40:30.85 −24:04:49.6 0.61 - 1.87
I A 7 16:40:25.92 −24:10:57.5 1.07 - 1.98
I B 8 16:40:50.95 −24:12:01.7 1.05 - 1.33
I C 9 16:41:17.85 −24:12:59.1 0.81 - 1.62
II G 10 16:40:36.06 −24:16:12.6 0.93 - 1.50
II H 11 16:41:00.88 −24:17:09.7 0.69 - 1.25
II I 12 16:41:27.78 −24:18:09.6 0.52 - 1.04
II D 13 16:41:22.92 −24:24:50.6 0.27 - 0.81
II E 14 16:40:55.10 −24:23:46.0 0.33 - 1.09
II F 15 16:40:30.99 −24:22:53.2 0.55 - 1.46
II A 16 16:40:26.11 −24:28:57.2 0.29 - 0.77
II B 17 16:40:50.63 −24:30:01.9 0.24 - 0.68
II C 18 16:41:17.92 −24:31:01.9 0.09 - 0.50
III A 19 16:41:09.37 −24:36:44.9 0.05 - 0.30
III B 20 16:40:44.50 −24:36:00.3 0.17 - 0.36
III C 21 16:40:17.52 −24:35:08.9 0.26 - 0.55
III D 22 16:40:13.74 −24:41:16.9 0.20 - 0.39
III E 23 16:40:40.98 −24:42:02.3 0.14 - 0.38
III F 24 16:41:05.64 −24:42:53.0 0.09 - 0.22
III G 25 16:41:01.89 −24:49:42.6 0.09 - 0.24
III H 26 16:40:36.98 −24:48:54.7 0.14 - 0.37
III I 27 16:40:09.72 −24:48:06.4 0.06 - 0.39
green and 0.9 - 2.0 keV as blue.
This image is then ompared with an optial ounterpart. The optial olor
image was reated by using three Digital Sky Survey (DSS) plates, with their in-
tensities saled dierently, in order to enhane the Ophiuhus dark lament. To
this image a sketh from the three XMM-Newton EPIC-pn elds of view was added.
The image on the right of gure 4.2 shows an x-ray shadow ast on the ISM due to
the Ophiuhus dark lament, whih exatly follows the optial ounterpart and, as
well, the 100µ IRAS dust ontour map, not shown in this gure. The brightest x-ray
soures were also marked with letters, from A to F, with a orresponding irle for
better visualization. In the appendix C some information, regarding these bright
x-ray soures, is given.
Before proeeding to the disussion of the x-ray data t proedure, in § 4.11, it
is neesseary to have a physial model to whih the x-ray data an be folded. For
that, we need to have a reasonable astrophysial model, representing the dierent x-
ray emission ontributions in the line of sight rossing the Ophiuhus dark lament.
To begin with, this implies to have a reasonable knowledge of the environment to
whih the Ophiuhus omplex belongs. This leads us to the Upper-Sorpius OB star
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Figure 4.2: Left gure: Composite image from three Digital Sky Survey (DSS) plates to
whih a sketh of the XMM-Newton EPIC-pn eld of view (blak thik) is superimposed.
Right gure: Soft x-ray shadow of the dark lament from Ophiuhus Moleular Cloud
obtained by the XMM-Newton satellite. Three energy bands were used to reate three
images. These images were oded aording to the following riteria 0.3 - 0.5 keV red,
0.5 - 0.9 keV green and 0.9 - 2.0 keV blue. As it an be seen, the dark moleular lament
asts a shadow in the soft x-ray bakground, due to absorption of neutral and moleular
material present in the lament. The red image was square root saled from 2.0×10−6
to 2.1×10−5, and the green image from 8.0×10−6 to 4.0×10−5. In the blue image ase, a
squared sale was used from 1.7×10−7 to 2.5×10−5 intensity units. The six most bright
x-ray soures are also marked from A to F.
assoiation.
4.4 The Upper-Sorpius OB assoiation and the Ophiuhus
moleular loud
The Ophiuhus moleular omplex is embedded in a very omplex system. In the
following setions a simple desription of the interation of this system with the
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moleular loud is drawn. The Ophiuhus moleular loud omplex was hosen to
perform studies on the soft x-ray emission, beause it is lose to the Solar system
(125±25 p, de Geus et al. [168℄) and has high olumn densities (1021-1022m−2),
whih eetively blok the soft x-ray emission produed on the bakground of the
moleular loud. Therefore, XMM-Newton observations were done in one of the dark
laments of the loud, in order to disentangle the soft x-ray emission foreground,
thought to be mainly due to the LB.
This moleular and neutral material omplex is loated in the youngest of the
Sorpius-Centaurus (So-Cen) OB assoiation, the Upper-Sorpius subgroup, whih
lies at a distane of 145 p, see table 4.2, where the main properties of the three
subgroups of So-Cen OB assoiation are resumed.
Sine the Ophiuhus moleular loud is loated in an OB assoiation and in
a relatively young one, it means that one should expet some omplex interation
between the OB star members and the Ophiuhus louds. In the energy range, in
whih we are mostly interested, this interation is done by energeti UV photons,
stellar winds and, nally, in the form of supernova remnants.
Castor et al. [58℄, Weaver et al. [59℄ and MCray and Kafatos [74℄, see § 1.7 in
haper 1, have alulated the eets of suh physial phenomena on the ambient
interstellar medium of early-type stars. They found, that large bubbles will be
formed around suh massive stars, whih in due time will merge together to form
even bigger bubbles the so-alled superbubbles surrounding OB assoiations. One
physial onsequene of suh physial ativity is the formation of huge H i shells.
In the Upper-Sorpius OB subgroup there is at least one suh struture. This H i
shell (H i shell 1 in gure 4.4) is entered at the galati oordinates l= 346
◦±2◦
and b= +21
◦±2◦, see table 4.3. This H i shell has a radius of 40±4 p, lies at a
distane of 160±20 p from the Solar system and the measured veloity of the shell
is 10±2 kms−1 [180℄. A general shemati view of the sky is shown in gure 4.4.
Assuming that suh a shell an be explained by the model of MCray and Kafatos
[74℄, we would derive an age of the order of ∼ 2.4 × 106 years, whih is half of the
age of the Upper-Sorpius OB assoiation, see table 4.2. If one would boldly assume
a unique supernova explosion for the ause of suh a H i shell, then with an ambient
density of 0.003 m
−3
(Egger [182℄, the entral density of Loop i superbubble). With
an energy of 10
51
erg we would obtain then an age of 12 × 103 years. The latter
assumption, if true, would mean, that a signiant ontribution of x-ray synhrotron
emission, with probably some thermal x-ray emission as well, would be present in
our line of sight, due to this middle age supernova remnant.
Plotting the position of the H i shell 1 and of the Ophiuhus moleular omplex,
like shown in gure 4.4 (a), one sees immediately that the Ophiuhus louds may
have been subjeted or are being subjeted to a shok wave, from whih the most
obvious physial evidene is the apparent surfae of the H i shell.
In fat, suh an hypothesis was already advaned by Vrba [183℄ to explain the
lamentary struture of the Ophiuhus louds, as the result of a passage of a shok
wave by the ρ Oph dark loud. This hypothesis has been re-enfored later by de
Geus [184℄. More reently, Moreira and Yun [185℄ have also suggested, that the
veloity gradients observed in the Lupus globular lament GF 17 and GF 20 are
































































































































































































































































Perpendiular to the Galati Plane
Figure 4.3: Projetion of stars of the fourth quadrant with b> 0◦ from the Upper-
Sorpius OB assoiation, taken from de Zeeuw et al. [181℄. Therefore only 115 stars were
used to produe this plot. The blue + marks the position of our Ophiuhus observations.
also the result of the interation of expanding H i shells from the Upper-Sorpius
and from the Upper-Centaurus-Lupus.
Apparently, this is not the only struture observed in the Upper-Sorpius region.
Indeed, Combi et al. [186℄ (and referenes therein) have onrmed the existene of
a radio struture having an egg-like shape, entered around l, b ∼ (353◦, +13◦),
see the blue dashed egg-like struture on gure 4.4. These authors have interpreted
this radio struture as the result of the interation of a shok wave due to one or
more supernova explosions in the Upper-Sorpius OB assoiation, 54×103 years ago.
Jonas [187℄ has suggested that this struture is the superposition of two dierent
supernova remnants, being the lower part of the egg-like radio struture, due to the
G356.9+8.5 supernova remnant andidate, marked by a blak dashed irle inside of
the egg-like struture, see gure 4.4. The G356.9+8.5 supernova remnant andidate
has been assoiated to the pulsar PSR J1654-2707. However, given the inferred
distane to this pulsar of 3.97 kp, this would imply, that the apparent diameter
of suh supernova remnant would translate into a rather large linear diameter of
660 p for the shell [187℄. Suh a middle age SNR, suggested by Combi et al. [186℄,
would have ertainly other signatures, like x-ray emission of dierent natures, e.g.
x-ray synhrotron emission.
In the literature several SNRs have been observed to radiate x-ray synhrotron
emission. The SN 1006 and the Crab, whih are young supernova remnants, show
synhrotron emission in the form of a power law with a spetral index (Γ) of 3 and
2.1, respetevely [188℄. The same synhrotron x-ray emission was observed on the
northwest shell of the millenarian SNR RX J1713.7-3946 by Koyama et al. [189℄,
again with Γ of 2.5. Also in the edge of the SRN IC 443, synhrotron emission
was deteted with a spetral index of 2.3, in addition to a thermal omponent of
∼0.8 keV (9.3× 106 K) [190℄. Gulliford [191℄ has initially estimate the age of SRN
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Table 4.2: Sorpius-Centaurus OB Assoiation - Main properties taken from A
Hipparos Census of the Nearby OB Assoiations [181℄. Upper-Sorpius (US), Upper-
Centaurus-Lupus (UCL), and Lower-Centaurus-Crux (LCC).
Sorpius-Centaurus OB Assoiations
Subgroup Galati Galati D Age B, A Stars

















118 10 42, 55
(180)
IC 443 to be 13× 103 years, however this value was raised to 30× 103 years, based
on theoretial grounds by Chevalier [54℄ and onrmed by Olbert et al. [192℄. In the
ase of SRN IC 443, the physial mehanism, advaned to explain this synhrotron
emission, relies on the interation of aelerated eletrons, when the supernova shok
impats on dense louds [190℄.
Although it is well sited within the Upper-Sorpius OB assoiation, the Ophi-
uhus loud omplex may still be devoid of wind erosion from the OB star members.
However, it is likely to be under the radiative inuene of suh stars.
4.5 The So-Cen OB assoiation and Loop i
The Upper-Sorpius OB star assoiation, where the Ophiuhus moleular loud
omplex is loated, is one of three subgroups of OB stars, forming the so-alled
Sorpius-Centaurus (So-Cen) OB assoiation. This assoiation is omposed by the
Upper-Sorpius, the Upper-Centaurus-Lupus, and the Lower-Centaurus-Crux asso-
iations, see table 4.2. There is observational evidene that the orrelated stellar
ativity of these OB stars have reated the Loop i superbubble.
The superbubble of Loop i was rst deteted as a radio loop, entered at
l = 329.0
◦±1.5◦, b = 17.5◦±3.0◦, having an apparent radius of 58.0◦±4.0◦ by
Berkhuijsen et al. [193℄. Several observations indiate, that Loop i results from
the interation of a shok wave with the surrounding ISM, resulting from the stellar
ativity in the So-Cen OB assoiation. Another indiation of the interation of a
shok wave with the ISM is the existene of an expanding shell of neutral material
surrounding the radio struture of Loop i with a radius of ∼ 68◦ and a veloity of
19 km/s [194℄.
Egger [195℄ and Egger and Ashenbah [196℄ have been able to model Loop i as a
superbubble produed by olletive stellar winds and several onseutive supernova
explosions (SNe) in the So-Cen assoiation. It has also been shown by Egger
and Ashenbah [196℄, that an interation between the superbubble of Loop i and
the LB is taking plae, see gure 4.4 (a). This is most easily seen by an annular
ring of neutral material and a orresponding x-ray shadow, Egger and Ashenbah
[196℄. In gure 4.4 (a) several astrophysial observational results are depited. The
annular ring of neutral material is shown as a gray ring. This image is entered
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Table 4.3: Neutral Hydrogen Shells with enters in the So-Cen OB assoiations.
Hydrogen Shells Galati Galati D Radius v






















◦ ∼160 ∼153 15.3
(a) Crawford [180℄ (b) Génova et al. [197℄
in the superbubble of Loop i. The blue retangular boxes in the gure represent
the three OB assoiation subgroups, forming the So-Cen OB assoiation. The sky
region assoiated to the Ophiuhus moleular loud is delimited by a red box. The
red ross shows the three XMM-Newton observation positions, and the star symbol
markes the position of the τ So B0 V star. Superimposed are also shown the three
H I shells, whih were assoiated to the stellar ativity in the So-Cen assoiation,
see table 4.3. The egg-shape struture is assoiated to radio emission, deteted by











































































Figure 4.4: Shemati view of Loop i. In gure (a) the global view in diretion of Loop i
is depited. The piture is entered in Loop i superbubble, and has a radius of 128 p.
The annular ring of neutral material, due to the interation of the LB and Loop i bubbles,
is shown in a gray olor. The three dashed irles represent the H i shell disussed in the
text, see table 4.3. The blue boxes show the three subgroups of OB stars, forming the
So-Cen OB assoiation. The red box delimits the Ophiuhus moleular loud region, the
red ross shows the XMM-Newton observations position, while the star symbol represents
the position of the τ So star. Also shown is an egg-like shape radio struture, involving
the XMM-Newton observations. The annular ring of H i was divided in four quadrants to
further investigate the olumn density of H i in eah quadrant. Figure (b) is a side view
of an idealized interation between the two bubbles.
In gure 4.4 (b) is shown an idealized sketh of the interation between the LB (in
red olor) and Loop i (in orange olor).
Egger and Ashenbah [196℄, using data ompiled by Frusione et al. [114℄, have
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derived, that the olumn density towards stars projeted onto the ring has a sharp
disontinuity at a distane of ∼ 70 p. From less than 1020 m−2 the olumn density
jumps to 7.0×1020 m−2. Therefore, one should expet values for the olumn density
of the neutral wall between the former two values, beause the Ophiuhus moleular
omplex lies inside of the ring. However, sine the distane of the stars were pre-
Hipparos we have re-analyzed the olumn density versus the distane to these
stars, using the modern parallaxes obtained by the Hipparos satellite. We have
also enlarged the sample of stars by adding the stars from the Welsh et al. [198℄ and
Sfeir et al. [117℄ atalogues, see gure 4.5.
The projeted stars were divided in four regions, aording to their sky positions.
Eah region representing a dierent sky quadrant, having as referene point the
enter of Loop i. Quadrant A was dened as the region with Galati oordinates
l,b (>329◦,>17.5◦), quadrant B dened as l,b (>329◦,<17.5◦), quadrant C as the
sky region with l,b (<329◦,<17.5◦) and, nally, quadrant D as l,b (<329◦, >17.5◦).
With the new distanes, the disontinuity appears to our at ∼ 40 p. The
+ signs on gure 4.5 show the stars used by Egger and Ashenbah [196℄ with the
modern distanes from the Hipparos satellite. This new result implies, that the
LB extension in this diretion is smaller than previously assumed.
In the past Egger and Ashenbah [196℄ have modelled the Loop i as a super-
bubble, having a radius RS of 158 p and lying at a distane of ∼ 170 p, with the
enter loated in the Upper-Centaurus-Lupus OB subgroup. However, the modern
distane to this OB star subgroup, derived by de Zeeuw et al. [181℄, is 140 p. This
new result in onjution with the RS ∼ 160 p derived by Egger and Ashenbah
[196℄ would imply, that the Solar system ould be sited inside of Loop i. Otherwise
we ould not observe the H i wall towards Loop i. Assuming, that the superbubble
of Loop i is spherially symmetri, that an interation between Loop i and the LB
takes plae at ∼ 40 p, most easily seen as a NH ring-like shape [196℄, and with
the enter lying at a distane of 140 p, we rudely estimate a radius of 128 p for
Loop i. This radius is about 19 per ent smaller than the one previously estimated
by Egger and Ashenbah [196℄. From the previous geometrial onsiderations we
also derive an inlination angle for the interation plane between the LB and Loop i
of 32
◦
. Using the projeted olumn density of a simulation of two olliding bubbles,
reported on [115, 182℄, an angle of 30
◦
was found for this inlination angle. The ellip-
tiity of the NH ring-like shape and the oset of its enter from the enter of Loop i
shows, that the Solar system has an oset regarding the line passing through the
enter of the ring-like shape and the enter of Loop i. There is also futher evidene,
that this NH ring-like shape is tilted, for when we divide the projeted stars in the
ring into four quandrants, we see that the interation in eah quadrant ours at
dierent distanes, see gure 4.5. As a onsequene of these new onsiderations, the
Ophiuhus moleular omplex is more deeply embedded in the Loop i supperbubble
than assumed before.
Sine the Ophiuhus moleular loud is more deeply embedded in the Loop i
than previously assumed, our seond model omponent had to be split into two
omponents. One, representing the unabsorbed emission from Loop i, and another
representing the absorbed x-ray emission from Loop i.





































































































































Figure 4.5: The neutral olumn density (NH) of stars with their projeted sky position
onto the NH ring, due to the interation of the LB and the Loop i superbubble. Besides
orreting the distanes of the stars, used by Egger and Ashenbah [196℄, we also added
new stars from the Welsh et al. [198℄ and Sfeir et al. [117℄ atalogues. The interation,
resulting in a neutral hydrogen wall, ours at a distane of ∼ 40 p. The distane, at
whih this wall was previously thought to our, was at a distane of ∼ 70 p. It is
also possible to see, that the interation of this ring is slightly bended, beause, when we
onsider the stars in eah ring quadrant the olumn densities inrease faster in quadrant
D (blue squares). The plusses show the stars used previously by Egger and Ashenbah
[196℄, orreted with the modern Hipparos satellite distanes.
As desribed in § 4.4, the Ophiuhus loud seems to have been subjeted to a
shok wave. However, this may not be the only one. Other shok waves, assoiated
with H i shells 2 and 3, may also have interated or are still interating with the
Ophiuhus loud, see gure 4.4 and table 4.3.
4.6 Solar Wind Charge Exhange
As briey disussed in hapter 2, setion 2.5, the physial mehanism of harge
exhange between ions from the solar wind and neutral material has been pointed
out as the mehanism responsible for the soft x-ray emission, normally explained
within the LB paradigm, see Lallement [144, 145℄. Therefore, the possibility of solar
wind harge exhange (SWCE), being the mehanism responsible for some fration
of the total soft x-ray emission, was investigated.
The presene of this astrophysial eet in the loal interstellar medium (LISM)
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Figure 4.6: Ophiuhus Spetra
analysis on SWCE. The plot shows the
two spetra obtained six months apart
from the same regions of the dark
lament in the Ophiuhus moleular
loud. Given the statistis, no signi-
ant variation of intensity is observed.
The spetrum of the seond observa-
tion, named Ophiuhus II, is plotted
in blak while the spetrum obtained
during the third observation, named
Ophiuhus III, is plotted in red. The
bakground spetrum usued for dete-
tor subtration in Ophiuhus III ob-
servation was also orreted using the
PMH ratio.
an not be ignored, even if the exat quiesent level of this ontribution is not
known. Another important fat about the soft x-ray emission, due to SWCE, is,
that this ontribution is a physial phenomenon variable in time. An eet that
may have been seen already during the ROSAT era by Freyberg [148℄, and dubbed
as long-term enhanements (LTE) [113℄. We have investigated a possible variability
on the three dark lament Ophiuhus XMM-Newton observations. They were then
ompared with another XMM-Newton observation, where SWCE was deteted by
Snowden et al. [149℄.
This was done in two ways. First by studying the spetra of the same sky
region, whih were observed about six months apart, and seond, by analysing for
eah observation the ount rate in two energy bands.
Sine the third observation named Oph III was performed about six months
apart and sine it partly overs the same sky region as Oph II, we have seleted
the same region of the loud, with the highest possible olumn density, in order to
investigate the possibility of seasonal SWCE emission variability in a time sale of
six months.
The region of the loud orresponds to a irle, entered at the position α =
16h40m20s and δ = −24d32m00s, with a radius of 3 armin. The same data redution
proedure, as desribed in setion 3, was applied to these spetra. In gure 4.6 the
spetra are shown. As it an be seen, no signiant variation in the intensity of the
spetra is observed.
Reently, the same astrophysial phenomenon was deteted in one of the XMM-
Newton observations in the Hubble Deep Field North (HDFN) by Snowden et al.
[149℄. The same SWCE eet has been deteted in other XMM-Newton observations,
e.g. in the observation with ID 0109060101, performed during revolution 0139.
Another way to investigate a possible ontamination, due to SWCE, is, to study the
ount rate in some energy interval where this phenonemon an be observed. We have
hosen the interval 0.5 - 0.75 keV sine, and if present, the SWCE will ontribute
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in this range due to O vii, O viii and Fe xvii ions. We then ompare these rate
with the rate in a given energy interval, where the SWCE does not ontribute, e.g.
in the 2.0 - 8.0 keV interval, where the x-ray photons are due to the Cosmi X-ray
Bakground.
Count rates of the three Ophiuhus observations and of the HDFN observation
(revolution 0271, ID 0111550401) were reated, using only the data from the EPIC-
pn detetor. The proedure for reating this ount rates onsists on the following:
First, light urves are produed for eah observation after leaning the event les
from bad pixels, bad olumns (FLAG==0) and after removing all deteted point
soures. The point soures have to be removed, beause their emission an be
variable and produe a similar eet mimiking a SWCE situation. Therefore, it is
important to be sure, that there is no x-ray emission ontribution from the soures
in the eld of view. Snowden et al. [149℄ have not removed the point soures in
their analysis. The rate light urves were produed, having 200 s for the three
Ophiuhus observations, and 1150 s for the HDFN one. The high time bin for
the HDFN observation was hosen, in order to better distinguish the two emission
regimes. Otherwise, a ontinuous ount rate from ∼ 0.2 to ∼ 0.7 ounts/s in the
0.5 - 0.75 keV band would be the relevant result.
The seond step onsists on the reation of appropriate good time intervals
(GTI's) for eah observation.
The third step, the prodution of ount rates is done by seleting the events
obeying the ltering riterion of (PATTERN==0), using the orresponding GTI le,
seleting the x-ray photons in the energy bands of 0.5 - 0.75 keV and 2.0 - 8.0 keV,
and using the same time bins as before. In gure 4.7 we show the sattergrams
of the eight ount rates. The sattergrams a), b), ) show the ount rates for the
rst, seond, and third observation, dediated to the Ophiuhus moleular loud,
d) shows the ount rate from the HDFN observation. The sattergrams a) and b)
orrespond to the XMM-Newton on-loud pointings, where the highest hydrogen
olumn densities are observed. The sattergram ) orresponds to the o-loud and,
therefore, is highly ontaminated by the Loop i superbubble and halo emission.
Given the GTIs for these three observations, one annot infer what is, if there
is any, a quiesent x-ray emission level, due to SWCE. However, one may on-
dently assume, that during these three observations no signiant variation of x-ray
emission due to SWCE oured. Any strong x-ray emission variation in the 0.5 -
0.75 keV band should then be followed by a distribution of this ount rate over a
onstant ount rate in the 2.0 - 8.0 keV band. An eet that is not onviningly
seen in any of the sattergrams a), b) and ). The sattergram d) is the equivalent
for the HDFN observation. As it an be seen in this sattergram and as reported by
Snowden et al. [149℄, two dierent x-ray emission regimes our during this observa-
tion. The dashed lines in the sattergrams represent the rate averages for the total
GTI. It is interresting to note, that the level, orresponding to the x-ray emission
in the 0.5 - 0.75 keV band of the low ount rate regime in the HDFN observation,
is not signiantly higher than the ones from the rst and seond observations to
the Ophiuhus moleular loud, respetively a) and b) plots. This points to the
onlusion, that a series of dediated observations towards nearby moleular louds
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Figure 4.7: SWCE analysis sattergrams. The four sattergrams show the ount rates
in the 0.5 - 0.75 keV and 2.0 - 8.0 keV bands for four dierent observations. The rst
three sattergrams orrespond to the dediated Ophiuhus shadow experiment (Ophiuhus
I, II, III, respetively sattergram a), b) and )). The fourth sattergram d) orresponds
to one of the dediated XMM-Newton Hubble Deep Field North (HDFN) observations.
These sattergrams were produed to investigate possible Solar Wind Charge Exhange
(SWCE) ontamination of the Ophiuhus shadow experiment data, and to ompare with
an observation, known to be ontaminated by SWCE [149℄. The dashed lines in eah
sattergram show the average ount rate values for the total GTI. The sattergram d)
shows onviningly two distint soft x-ray emission regimes.
may be the best method to study a quiesent x-ray emission level due to SWCE.
4.7 The loal Galati ISM
The knowledge of the immediate or loal Galati ISM has gained a great momentum
over the last deade with a series of dierent astronomial observations.
The low density H i avity, in whih the Solar system is embedded, has been
intensively investigated by studying the absorption equivalent widths of the inter-
stellar NaI D doublet at 5890 Å towards nearby stars. The equivalent widths (EWs)
of NaI D have been used to trae the loal Galati distribution of neutral hydrogen.
Welsh et al. [198℄ have initiated the work of ompiling a database of previous
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measurements of sodium EWs from the literature, to whih they added a new sample
of NaI D EWs measurements. This ontinued with the work of Sfeir et al. [117℄,
whih added a new sample of 143 EWs measurements and orreted the distane to
stars, previously analysed with the new distane measurements from the Hipparos
satellite. Vergely et al. [199℄ have used the former work to derive a three dimensional
(3D) density distribution of NaI and H i in the Solar neighbourhood. Presently, the
most omplete work in this eld was presented by Lallement et al. [118℄, who have
reated a more detailed 3D map of interstellar neutral material surrounding the LB,
using a total of 1005 EWs measurements towards stars within a radius of 360 p
from the Sun.
In gure 4.8, the 20 mÅ EW ontour level of NaI D is plotted in the galati
plane and perdendiular to it. This ontour level is shown as the ross lines. The EW
of 20 mÅ orresponds approximately to a H i olumn density of 2.0 × 1019 m−2.
Lallement et al. [118℄ have also presented a 50 mÅ EW ontour level of neutral
material, to whih orresponds a H i olumn density of > 1.0 × 1020 m−2. The
transition from the olumn density of < 2.0×1019 m−2 to more than 1.0×1020 m−2
ours typially within ∼ 30 p, and has been assoiated by these authors to the
LB boundary.
The disovery that only 50 per ent of the 1/4 keV band ux is originating in
the surroundings of the Solar system had dramati onsequenes for the knowledge
of the x-ray emissivity volume assoiated to this emission. Another step forward on
the knowledge of the loal Galati ISM was given around the end of the ROSAT
mission with the release of the all-sky survey data. From the analysis of this data,
and after adding a new model omponent to aomodate the ontribution of the
galati hot halo, Snowden et al. [116℄ derived the volume, assoiated to the LB
soft x-ray emissivity. The derived temperature for the LB was 1.17
+0.14
−0.13 × 106 K
and the eletron density ne of 4.5×10−3 m−3. In gure 4.8 the emissivity volume
of the LB derived by Snowden et al. [116℄ has been superimposed on the 20 mÅ
ontour level. As it an be seen, the soft x-ray emissivity in these two planes
are ompletely onned by the 20 mÅ ontour level. In the previous § 4.5 we
have seen, that the radius of the Loop i is 128 p. This information has been
used to omplement the plots from gure 4.8 with the extension of Loop i. The
representation of Loop i in these two plots orresponds to the intersetion with the
two Galati planes. Therefore, the radii of these irles have 121 and 108 p in the
Galati plane (GP) and perpendiular to the Galati plane (PGP), respetively.
The plots were also enrihed by projeting the position of the Ophiuhus moleular
loud omplex on them.
These plots allow us to depit already two x-ray emissivity ontributions in
diretion of Ophiuhus, the LB and Loop i emission. The position of the Ophiuhus
moleular omplex is also shown, and it was assumed that the distane to the system
of moleular louds is 125±25 p [168℄.
The astrophysial model of the loal Galati ISM should have, neessarily,
the LB x-ray emission omponent, and the Loop i emission omponent. Sine, the
XMM-Newton line of sight rosses the Ophiuhus dark lament, the Loop i emission
should be separated in two sub omponents. One, not absorbed by the dark lament,
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Figure 4.8: The loal Galati ISM. In these plots we show the present understanding
of the LB soft x-ray emissivity volume, due to Snowden et al. [116℄, omplemented with the
study of Lallement et al. [118℄, where the absorption EWs of Naid were used to infer the
loal distribution of neutral gas. For produing these plots, we have used the EW ontour
of 20 mÅ. We have also added a shemati representation of Loop i, assuming a radius of
128 p. On the Galati plane (GP) and perpendiular to the Galati plane (PGP), we
have plotted the intersetions between Loop i and these two planes. Therefore, the radii
of these irles have 121 and 108 p for the GP and PGP, respetively. We also plot the
projetion of the Ophiuhus position onto these two planes. We have simplied the left
plot, by assuming, that the Sun lies in the GP. However, it is known that the Sun lies at
a distane of 34.56±0.56 p above the GP [119℄. The Galati Center (GC) diretion is
indiated with an arrow. The North Galati Pole (NGP) and the South Galati Pole
(SGP) are also shown in both skethes.
and another, subjeted to the eet of absorption, due to the moleular lament.
However, the seond Loop i ontribution, the absorbed one, was not possible to
resolve from other Galati and more distant omponents. For that reason, the
seond Loop i ontribution was not inluded in the nal tting model. This means,
that this emission was inluded in the model of the Galati hot halo omponent.
4.8 The Milky Way Galaxy's hot Halo
The existene of a hot Galati halo has been postulated more than 50 years ago
by Spitzer [39℄, in order to onne the observed H i louds at high Galati lati-
tudes. Astrophysial studies, done in the seventies and later on, have shown that a
widespread hot plasma is pervading the Galati ISM. Several highly ionized speies,
like the O vi ion, have been deteted in absorption towards stars at dierent Gala-
ti latitudes, sampling a gas supposed to be in a CIE state, with a temperature of
more than 2 × 105 K. For instane the abundane of the O vi ion, in CIE, has a
peak at 2.8× 105 K.
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Studies of more high-energy photons (0.25 keV ∼ 2.9×106 K ) have also revealed
the presene of a hot gas [26, 107℄ in the neighbourhood of the Sun, with low density
and temperatures ≥ 106 K. X-ray shadow observations, performed with the ROSAT
satellite to high Galati latitudes, have made lear, that half of this emission has a
dierent origin [32, 31℄, i.e. the hot halo of the Galaxy.
In the light of these disoveries and subsequent work, it is natural to add one or
more new model omponents, representing the dierent gases that XMM-Newton
may be sampling. In partiular, sine the line of sight of the XMM-Newton x-ray
shadow experiment towards Ophiuhus, is in diretion of the Galati enter (GC),
it is not unrealisti to expet hot gas streaming from the GC and from the boiling
stellar ativity around the GC.
The x-ray spetra, obtained on 625 ks Chandra observations of the GC [200℄,
required two hot plasmas to reprodue the data. A ooler plasma with kBT ≈ 0.8 keV
(∼ 9.3×106 K) and a hotter one with a kBT ≈ 8 keV (∼ 93.0×106 K) were neessary.
The softer plasma is probably heated by supernovae, along with a small ontribution
from the winds of massive Wolf-Rayet (W-R) and O stars. It was alulated, that




[201℄ is driven out of the entral star luster. Aording
with Muno et al. [202℄ a kBT ≈ 8 keV plasma would be too hot to be bound to the
Galati enter and therefore would form a slow wind or fountain of plasma. The
energy required to sustain suh a freely expanding plasma within the inner 20 p of
the Galaxy, is 1040 erg s−1. This would orrespond to the entire kineti energy of
one supernova every 3000 years. Suh value is unreasonably high.
The physial origin of the hotter omponent is still a mystery. Several hy-
potheses have been put forward to explain this harder ontribution. The favored
hypothesis suggests, that this x-ray emission has, as most likely, origin in unresolved
atalysmi variables. Based on the analysis of Chandra data, [202℄ have argued,
that atalysmi variables are 10 times too few to be able to reprodue the observed
emission. However, Revnivtsev et al. [203℄, Sazonov et al. [204℄ have laimed to be
able to reprodue the GC x-ray emission in the 3-20 keV energy band as the result
of weak x-ray soures, mostly atalysmi variables and oronally ative binaries.
Non-thermal x-ray features with knot-like morphologies were reently disovered
by analysing the energy band of 3.42 to 6.30 keV of Chandra data by Senda et al.
[205℄. The spetral analysis of these strutures showed, that they are well reprodued
by a single power-law, with photon indies of 1-2. Interestingly, three of these
knot-like x-ray features are aligned, whih was suggested to be the result of ejeted
material from Sgr A
∗
in the reent past.
In gure 4.9 we present the morphology of the Milky Way Galaxy, based on
the sketh from Matteui [206℄. This sketh allows us a visualization of the XMM-
Newton observations lines of sight through our Galaxy. As it an be depited, the
sight line rosses the plane perpendiular to the GC at a sale height (Z) of about
2 kp, assuming that the distane to the GC is 8.0 kp.
These sight lines ross several Galati spiral-arm and inter-arm regions, where
dierent types of superbubble strutures are expeted to be formed. To be more
preise, and aording to the work of Taylor and Cordes [207℄ and MClure-Griths
et al. [208℄, the three XMM-Newton observations ross at least three spiral-arm and
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three inter-arm regions until the CC. In the arms SNRs are expeted to form a bunh
of bubbles, beause this is, where early OB assoiation stars are formed. Whereas,








































































































































































































































































































































































































































































































































































































































































































































Thin Disk - Young & Old
Figure 4.9: Shemati view of the stellar morphology of the Milky Way Galaxy. The
shemati representation of the Milky Way is based on the sketh from Matteui [206℄, see
referenes therein. In this plot the traditional distane value to the Galati Center (GC)
of 8.0 kp was assumed. However, reent researh has lowered this value to 7.62±0.32 kp
[209℄. The line of sight of the three XMM-Newton observations is also depited, as an
arrow dashed (orange) line. As it an be seen, at a distane of 8.0 kp these observations
are sampling gas at a sale height of 2 kp above the GC. The points in the gure represent
random globular lusters.
To the previous model two more Galati omponents were added. They intent
to represent a ooler and a hotter galati plasma, whih are expeted to be present
in this line of sight.
4.9 The extragalati X-ray Bakground ontinuum
The disovery of the Cosmi X-ray Bakground (CXB) by Giaoni et al. [97℄ showed
the existene of a diuse x-ray emission of approximately onstant intensity in all
sky diretions. All-sky surveys performed after the Uhuru and Ariel V satellites
revealed a high degree of isotropy. X-ray data from another x-ray mission, the
HEAO-1 mission showed, that this data ould be reprodued, assuming a plasma
with a temperature kBT ≈ 40 keV (∼ 464×106 K) [210℄ emitting bremsstrahlung
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radiation in the 3.0-50.0 keV energy band. This lead to the idea, that a pervading
hot intergalati medium was the soure of this radiation.
The deep pointed observations from the Einstein satellite showed, that 25 per
ent of the x-ray emission, in the energy band of 1-3 keV, ould be resolved into point
soures. These soures where identied as Atie Galati Nulei (AGN) objets by
Giaoni et al. [211℄, whih had been found to be strong x-ray emitters [212℄. Deeper
surveys had to wait until the launh of x-ray missions with more sensivity and high
angular resolution Wolter type telesopes, like the one aboard the ROSAT satellite.
Sensitive surveys were performed in the energy band of 0.5-2.0 keV by Hasinger
et al. [213, 214℄, whih have allowed them to resolve 75 per ent of the x-ray ux
in this energy band into disrete soures. Brandt and Hasinger [215℄ have reviewed
the present understanding of the origin of this CXB.
These results in onjuntion with the fat, that no distortion of the osmi
mirowave bakground (CMB) was observed, due to a strong Compton eet of a
40 keV hot plasma, lead the astronomers to abandon the hypothesis of a widespread
intergalati plasma with a temperature of ∼ 464×106 K.
Sine its disovery the CXB was studied intensively through its spetrum. A
major step forward in modelling and deriving some properties, using the 3-10 keV
energy range, was done by Gendreau et al. [161℄ with the ASCA satellite data.
This analysis showed, that a single power-law with spetral index (Γ) of 1.4 ould
reprodue the x-ray data even down to 1 keV. Below 1 keV the extra ux was
attributed mainly to the hot ISM surrounding the Solar system and other Galati










From the above disussion one sees, that our model must inorporate another
omponent representing the extragalati x-ray ontribution. This omponent is
very well desribed by a single power-law. For our spetral analysis we have used
reent measurements, obtained with the XMM-Newton by Lumb et al. [158℄. Identi-
al values were found for the spetral index Γ=1.42± 0.03, and for the extrapolated






was obtained from their
analysis. Therefore, the power-law model omponent used in this work is expressed
as follows,
IPW(E) = 11.1 E
−Γ × Ω photons cm−2 s−1 keV−1 (4.1)
where E is the energy of the photons in units of keV, and Ω is the solid angle in
units of steradians (sr).
4.10 The X-ray Bakground Emission Model towards Ophi-
uhus
Having presented in the previous setions, the several x-ray emissions along the
XMM-Newton lines of sight, we an now formulate expliitly the model to be used
in the spetral tting proedure. The model is as follows,
I = ILB + e
−σNH(Wall)
[
ILoop i + e
−σNH(Oph)
(
IHalo 1 + IHalo 2 + IPW(E)
)]
. (4.2)
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The observed spetra are then tted with the above model, where I means the total
intensity, measured by the observer. ILB is the LB ontribution, NH(Wall) is the
olumn density of H i, due to the interation between the LB and Loop i, ILoop i is
the Loop i emissivity, NH(Oph) is the olumn density, due to the Ophiuhus dark
lament, IHalo 1 and IHalo 2 are the two hot halo omponents, respetively, and
nally, IPW is the extragalati power-law omponent.
In this model, the olumn density assoiated with the loal interstellar loud
(LIC), in whih the Sun is embedded, was not onsidered important. Redeld
and Linsky [216℄ onstruted a three-dimensional (3D) model of the LIC,
1
based
on measurements of the Hubble Spae Telesope (HST), the Extreme Ultraviolet
Explorer (EUVE), and ground-based Ca ii spetra. They have alulate that the
olumn density assoiated to this loud has a minimum of 1.5×1018 and a maximum
of 2.1 × 1018 m−2. This means, that the x-ray emissions of the model are not
attenuated by olumn densities of ∼ 1018 m−2, due to the LIC, in ontrast to the
ultraviolet emission ounterpart. Therefore, neither of these model omponents were
subjeted to the LIC absorption.
The NH(Wall) interstellar absorption was xed to the value of 2.9×1020m−2,
whih is the H i olumn density towards the τ So star [217℄ at a distane of 132+15−13 p
from the Solar system and .11 p from the Ophiuhus moleular omplex.
4.11 X-ray spetral t of the XMM-Newton Ophiuhus dark
lament data
After extrating the spetra from twenty seven regions out of the three XMM-
Newton observations, we proeeded for spetral tting. The spetral tting is done
with the X-ray Spetral Fitting Pakage
2
(XSPEC) version 11.3.0.
The twenty-seven spetra were rst binned, in order to have a minimum of
40 ounts in eah energy bin. This is done by using the grppha task from the
HEASARC sub-pakage of the FTOOLS
3
pakage, provided by the NASA High
Energy Astrophysis Siene Arhive Researh Center (HEASARC).
The minimization, or the tting proedure, onsists in estimating unknown pa-
rameters of a given model funtion M(x) of one or more variable parameters, mini-
mizing the dierene between M(x) and the experimental data, using some statisti
funtion. In other words, given a funtion M(x), the general problem is to nd the
value of the variable x for whih the funtion M(x) takes its smallest value.
For tting the spetra, the χ2-statistis funtion was used, whih assumes, that
all the spetral hannels are Gaussian distributed and that the estimate for the








The 3D struture of the LIC an be found at http://obalt.as.utexas.edu/∼sredeld/
2




4.11. X-RAY SPECTRAL FIT OF THE XMM-NEWTON OPHIUCHUS DARK FILAMENT DATA 88
where, x is the vetor representing the number of variable parameters, α the number
of free variable parameters, ei the observed data and σ
2
i the assoiated error to eah
ei. Also, sine our data have few ounts, a dierent weighting was used to better
estimate the variane. The standard weigthing was then hanged to the Churazov
weight [218℄, as suggested in the XSPEC manual. Churazov weighting estimates the
weight for a given hannel by averaging the ounts in surrounding hannels, when
the spetrum has low ounts.
The XSPEC pakage is omposed by a relative big set of astrophysial odes to
re-produe x-ray emission. Of partiular onern to the present work are the inter-
stellar thermal plasmas. Several plasma odes have been developed over the years,
thermal plasmas suh as: the Raymond & Smith, the Meka (Mewe, Gronenshild
and Kaastra 1992), the Mekal (Mewe, Kaastra and Liedahl 1995) plasmas and their
derivative, where the abundanes are allowed to vary. The Raymond & Smith ther-
mal plasma has been reently revised with the inlusion of more than million lines.
The new Raymond & Smith plasma, now termed as Astrophysial Plasma Emission
Code (APEC) [138℄, was used to t the XMM-Newton x-ray data.
For alulating the x-ray emissivity spetrum of any CIE plasma, dominated
by emission lines, it requires a table of atomi abundanes, reeting the element
adundanes in the ISM. The abundane table is not only important to alulate the
plasma emission, but it is also important for the photoeletri absorption models.
During the t proedure, the elements abundane table of Wilms et al. [219℄, see
the appendix table C.3, instead of the abundane table of Anders and Grevesse
[142℄, was used. This is, beause the absorption features on x-ray spetra from
BL La objetsa lass of Ative Galati Nulei (AGN)due to the ISM, are
more onsistent with the Wilms et al. [219℄ abundanes, see e.g. Haberl et al. [and
referenes therein, 220℄.
The Tübigen-Boulder absorption model (TBabs), whih takes into aount the
ross-setions for x-ray absorption due to the gas-phase, grain-phase and moleular-
phase in the ISM, was used to alulate the H olumn density of the dark lament,
instead of the traditional photoeletri absorption (wabs) model. The photoeletri
absorption ross-setions used, were the ones due to Baluinska-Churh and M-
Cammon [221℄ and implemented in XSPEC with the ommand bm. To t the
extragalati omponent, of the CXB, a simple photon power-law was used. This
ontribution is implemented in the XSPEC by the powerlaw model.
The XSPEC t ommand was then used to nd the best t model parameters
of the urrent data, to minimize the χ2. The default XSPEC minimization method,
and the one used, is a modied Levenberg-Marquardt ode based on the CURFIT
routine from Bevington and Robinson [222℄.
The twenty-seven spetra were organized in sets of three elements, from A to I,
see table 4.1, with the riterion of having been extrated from the same EPIC-pn
detetor positions. This means, that eah set had a spetrum from the rst pointing
(i), a spetrum from the seond pointing (j), and one from the third XMM-Newton
pointing (k). Eah set of three spetra was then tted simultaneously by insuring,
that during the t, the plasma temperature for eah spetrum model omponent
T(i,j,k) had the same value, and by establishing a relation between their emission
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Table 4.4: The Ophiuhus Dark Filament olumn densities. The olumn densities
observed in eah of the 27 regions studied, and the olumn densities derived from the x-ray
spetral ts. In olumns (3) and (4) the minimum and maximum olumn densities for that
partiular region are given. In olumn (5) the observed average olumn density in that
region is given, while in olumn (6) we give the best olumn density t value. The olumn





Regions NH NH NH NH
Min Max Average FIT
(1) (2) (3) (4) (5) (6)
Set A 7 1.07 1.98 1.36 1.40
16 0.29 0.77 0.48 0.48
19 0.06 0.30 0.17 0.19
Set B 8 1.05 1.33 1.18 1.45
17 0.24 0.68 0.41 0.36
20 0.17 0.36 0.26 0.18
Set C 9 0.81 1.62 1.08 0.90
18 0.09 0.50 0.25 0.27
21 0.26 0.55 0.26 0.36
Set D 4 1.00 1.78 1.36 1.45
13 0.27 0.81 0.53 0.58
22 0.20 0.39 0.31 0.33
Set E 5 0.64 1.62 1.12 1.39
14 0.33 1.09 0.68 0.80
23 0.14 0.38 0.26 0.29
Set F 6 0.61 1.87 1.18 1.47
15 0.55 1.46 0.94 1.15
24 0.09 0.22 0.15 0.17
Set G 1 0.36 0.98 0.62 0.57
10 0.93 1.50 1.23 1.51
25 0.09 0.24 0.17 0.20
Set H 2 0.46 1.40 0.79 0.75
11 0.69 1.25 0.99 1.25
26 0.14 0.37 0.24 0.26
Set I 3 0.49 1.70 1.00 1.08
12 0.52 1.04 0.82 0.92
27 0.06 0.39 0.22 0.17
measures. The relation is given by the produt of EMi and the ratio of their solid
angle, EMj,k= EMi (Ωj,k/Ωi). The assumption behind this proedure is, that in
sales, smaller than a degree, the temperatures are the same and also their EMs.
We have attempted for eah simultaneous t to alulate the 90 per ent on-
dene levels for eleven interesting parameters, implying a χ2 = χ2min + ∆χ
2
, with
∆χ2 = 17.3. However, given the low photon statistis for suh a omplex model,
whih reeted in the inapaity to onstrain all these eleven physial parameters,
we have abandoned this approah in favor of a dierent one.
The new approah onsisted in freezing the halo plasmas temperature and nor-
malization (Kplasmas ∝ EMs) to their best t values. Also, sine the hydrogen olumn
densities, derived from the ts for the Ophiuhus dark lament, had similar values
as the ones obtained from the extintion map, we have also xed them to their best
values, reduing the number of interesting parameters to four. The olumn densi-
ties, assoiated to the Ophiuhus lament, obtained from the extintion map, and
the orresponding values derived from the spetral ts, are presented in table 4.4.
This redution of the number of model spae parameters implies also a redution
of the ∆χ2, used for alulating the 90 per ent ondene levels. Therefore, for four
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interesting parameters, the LB and Loop i temperatures and their EMs, the ∆χ2
to be used is 7.8. With this approah it was possible to onstrain the four model
parameters, in partiular the LB, the main subjet of the present study and the rst
of all ontributing soures to the CXB.
After minimizing the χ2 funtion, estimates of the assoiated errors for the best
t model parameters are alulated. The estimates of the errors are alulated in
XSPEC with the error ommand. The simultaneous joint ondene levels are
alulated, using the XSPEC steppar ommand. In the appendix table D.1 a list
of the ∆χ2 values, used for alulating the joint ondene ontours as a funtion
of the number of free parameters, are given.
The x-ray spetra, obtained with the XMM-Newton towards the Ophiuhus
dark lament, as well as the t results to the model, are presented in gures 4.10,
4.11, 4.12, 4.13 and 4.14, respetively. In eah of these gures we plot the set of
x-ray spetra from the three dierent regions, the theoretial model derived from the
XSPEC t proedure and the residuals of that model to the data. The data points
are shown as rosses and the theoretial model as solid lines. The ontribution due
to the LB is also shown in these plots.
The results, obtained from the x-ray spetral ts, are resumed in table 4.5. In
the rst two olumns of this table the set and region numbers are given. The fol-
lowing two olumns, number 3 and 4, orrespond to the LB temperature and EM,
respetively. Columns 5 and 6 are the temperature and EM from the Loop i super-
bubble. The olumns 7 and 9 show the temperatures of the two Halo omponents,
while 8 and 10 show the EMs of these model omponents. Finally, in olumn number
11 the redued χ2 of the t is presented. In gure 4.15 the main results given in
table 4.5 are depited.
The orresponding ondene levels, obtained from the best t for eah data
set, are presented in the appendix D on gures D.1, D.2, D.3, D.4, D.5, D.6, D.7,
D.8 and D.9. In eah of these gures four ontour plots are shown. The top-left plot
shows the ondene levels from the LB temperature and EM. In the top-rigth plot
the ondene levels of the LB versus Loop i temperatures are depited. On the
bottom-left plot the orrelation ondene levels from the LB temperature versus
Loop i EM are shown. In the bottom-right plot the ontour levels from the Loop i
temperature and EM are presented.
We have assumed that the
nH
ne
is 1.0, whih means, that we are onsidering
a plasma omposed only of hydrogen. The former assumption implies, that the
alulated EMs and eletron densities (ne) are the minimum possible values. If




, then this would imply, that the EM would inrease by about
20 per ent. The reason relies on the fat that when alulating the EM, one
uses the normalization fator Kplasma, derived from the x-ray spetra ts, whih are
proportional to nHne. Sine EM ≡ nHneD ∝ Kplasma and nH = 0.813 ne, this means
that ne
2D ∝ Kplasma/0.813. In other words, the ne2D is inversely proportional to the
relative number of H to eletrons.



































































Figure 4.10: X-ray spetral ts from the Ophiuhus x-ray shadow experiment. In the
plots above we show the resulting simultaneous ts from the x-ray data to the adopted
model. The LB omponent was also added to show its ontribution to the general spetrum.
In blak are shown the data, the model and the LB omponent of the rst XMM-Newton
Ophiuhus pointing. The seond and third pointings are shown in red and blue olors.
Eah of this plots orresponds to spetra of set A (top) and of set B (bottom).






































































Figure 4.11: X-ray spetral ts from the Ophiuhus x-ray shadow experiment. In the
plots above we show the resulting simultaneous ts from the x-ray data to the adopted
model. The LB omponent was also added to show its ontribution to the general spetrum.
In blak are shown the data, the model and the LB omponent of the rst XMM-Newton
Ophiuhus pointing. The seond and third pointings are shown in red and blue olors.
Eah of this plots orresponds to spetra of set C (top) and of set D (bottom).



































































Figure 4.12: X-ray spetral ts from the Ophiuhus x-ray shadow experiment. In the
plots above we show the resulting simultaneous ts from the x-ray data to the adopted
model. The LB omponent was also added to show its ontribution to the general spetrum.
In blak are shown the data, the model and the LB omponent of the rst XMM-Newton
Ophiuhus pointing. The seond and third pointings are shown in red and blue olors.
Eah of this plots orresponds to spetra from set E (top) and from set F (bottom).





































































Figure 4.13: X-ray spetral ts from the Ophiuhus x-ray shadow experiment. In the
plots above we show the resulting simultaneous ts from the x-ray data to the adopted
model. The LB omponent was also added to show its ontribution to the general spetrum.
In blak are shown the data, the model and the LB omponent of the rst XMM-Newton
Ophiuhus pointing. The seond and third pointings are shown in red and blue olors.
Eah of this plots orresponds spetra from set G (top) and from set H (bottom).





































Figure 4.14: X-ray spetral ts from the Ophiuhus x-ray shadow experiment. In
the plot above we show the resulting simultaneous ts from the x-ray data to the adopted
model. The LB omponent was also added to show its ontribution to the general spetrum.
In blak are shown the data, the model and the LB omponent of the rst XMM-Newton
Ophiuhus pointing. The seond and third pointings are shown in red and blue olors.
































































Table 4.5: Results from the spatial and spetral analysis of the x-ray shadow experiment to the dark lament of Ophiuhus moleular
omplex. The errors shown are within the 90% ondene level for 4 interesting parameters, implying χ2 = χ2min +∆χ
2
, with ∆χ2 = 7.8.
The plasma temperatures are given in units of 10
6
Kelvin and the emission measures (EMs) in units of m
−6
p. The EMs are related
by the following expression: EMj,k = EMi (Ωj,k/Ωi), see the text for more details.
LB LOOP I HALO 1 HALO 2
Regions Temperature EM Temperature EM Temperature EM Temperature EM χ2red
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)








−0.003 1.62 0.035 3.94 0.041 1.16
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−0.002 1.62 0.036 4.16 0.035 1.04
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−0.002 1.65 0.034 3.69 0.052 1.23
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Figure 4.15: The main
results from the x-ray shadow
experiment to the Ophiuhus
dark lament. In this plot
the derived physial param-
eters of the temperature and
the EM, for the four thermal
plasmas, are resumed. The
LB and Loop i are repre-
sented by the dark red and
orange olors, respetively.
The two halo omponents are
represented with the green
(ooler) and blue (hotter)
olors. The two green arrows
show two points of the old
Halo in whih the EMs are
higher than the adopted x-
axis range. The respetive
values are indiated in the
front of the arrows.
4.12 The eletron densities and thermal pressures from the
LB and Loop i
From the physial parameters of EMs and temperatures, derived from the x-ray
spetral ts and presented in table 4.5 , the eletron densities (ne) and pressures,
respetively, for the LB and Loop i, an be omputed. These omputed values are
given in table 4.6.
This analysis shows, that the global properties, namely, the pressures and ele-
tron densities for the LB and Loop i, derived from the work of Egger [195℄, based
on the ROSAT PSPC data by Breitshwerdt et al. [223℄, are signiantly dierent,
espeially for the physial parameters of the LB. In ase of Loop i, we are only
studying a line of sight of 85 p through it, therefore, signiant dierenes for its
eletron density and pressure are expeted. However, in our model we have assumed,
that the Loop i omponent is entirely in the foreground of the loud, whih ould
bring the Loop i pressure to lower values, sine EM∝D.
Another XMM-Newton observation, using the EPIC-mos detetor, has also re-





L is the radius of the LB, normally assumed to be 100 p. In a reent Suzaku
observation, an ne of 0.014 m
−3
for the LB, was also dedued from an x-ray shadow
observation [225℄.
Interestingly, the pressure derived from this analysis shows, that the LB pressure
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Table 4.6: The LB and Loop i eletron densities and pressures. For alulating the
eletron densities of these two omponents, an extension of 40 p and 85 p was assumed
for the LB and Loop i, respetively.
LB Loop I








































































































4.12.1 The Ophiuhus dark lament distane
A rough estimate of the distane to the Ophiuhus dark lament an be alulated,
sine the derived pressures of the LB and Loop i are of same order. This means
that,
ne(LB)T(LB) ∼ ne(LI)T(LI), (4.4)






the following relation is obtained,






So, the distane to the Ophiuhus dark lament is approximately given by the
expression
d(Ophiuchus) ≃ d(LB) + d(LI), (4.7)
where d(LB) is the LB extension in diretion to the Ophiuhus loud, whih in the
light of the re-analysis of the olumn density of the H i wall between LB and Loop i,
is about 40 p. It should be noted that, the idential pressure assumption is likely
to be inorret. Sine in Loop i there are still SNe, whereas in the LB there are no
more OB stars.
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Table 4.7: Estimate of the distane to the Ophiuhus dark lament. Assuming an ideal
equilibrium state between LB and Loop i pressures, a minimum or maximum distane to
the loud is estimated. For that, only the best t values were used.









































































4.13 The O vi and O vii olumn densities
We an use the set of results presented in table 4.5 to further investigate what would
be the expeted values of physial observables, suh as the olumn densities of ions
like the O vi and O vii, their thermal speeds and their equivalent widths (EWs) for
the four model thermal plasmas. These derived values an, therefore, be ompared
with available studies or, in the near future, with further studies onduted with
the reetion grating spetrometer (RGS) on-board of the XMM-Newton satellite,
towards galati soures whih line of sight ross the LB and Loop i. If disrepan-
ies are then observed between high resolution absorption studies and the expeted
absorption, assoiated to a LB plasma in CIE, then, this would also indiate that
the CIE ondition might not be the orret one.
In a reent FUSE survey, onduted by Oegerle et al. [226℄ towards white dwarfs
within a radius of 225 p of the Sun, an upper limit of 1.7×1013m−2 for the Ovi
olumn density N(Ovi) was found. The ontribution of the LB to the N(Ovi)
was estimated to be ∼ 7× 1012m−2, given a mean spae density of 2.4×10−8m−3,
assuming a line of sight of 100 p for the LB.
We start by investigating what would be the expeted ontribution of Ovi in this
line of sight from the LB and Loop i. For that, we have assumed the LB extension in
this diretion to be 40 p, and the path through Loop i until the Ophiuhus omplex























is the frational abundane of the atom speies relative to hydrogen, δatom
is the depletion of the atom into dust grains, fion(T) is the ionization fration for
that partiular ion at a given temperature, and s is the line of sight in onsideration.
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EM d cm−2 (4.9)
where A = 3.0857 × 1018, EM is the emission measure given in units of m−6 p
and the extension of the plasma in this line of sight d is given in units of p. To
alulate this quantity we have used the ionization frations of the Ovi and Ovii,
taken from Sutherland and Dopita [227℄, see their table 5. Also, sine we have
used the abundanes table of Wilms et al. [219℄, the relative abundane of O to H,
X(O/H), is set to 4.90 × 10−4. The depletion value was set to 1.0, following Soa





































Table 4.8: The Ovi and Ovii olumn densities. In this table we present the expeted values for the following physial quantities: The
N(Ovi) for the LB and Loop i in olumns 2 and 4, respetively. In olumns 3, 5, 9 and 11 the expeted thermal veloity dispersions for
these dierent omponents of the oxygen ion. Columns 6, 7, 8, and 10 the N(Ovii) for the LB, Loop i, Halo 1 and Halo 2, respetively.
For alulating the olumn densities of Ovii of the halo omponents, a line of sight of 8 kp was assumed.
LB Loop I LB Loop I Halo 1 Halo 2




























































































































































−1.6 3.0 39 9.0 64
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From olumn (1) of table 4.8 we see, that the LB N(Ovi), within the assumed
onditions, derived from this analysis is lower than the inferred N(Ovi) for the LB
from Oegerle et al. [226℄. However, if we look at the average Ovi spae density
in this diretion, we obtain an average value of 2.9
+13.7
−1.0 × 10−8 m−3, about 17 per
ent more than the value obtained by Oegerle et al. [226℄. Further, it must be
emphasized that this value is the minimum possible value, due to the assumption of
a plasma omposed by H. Using the average Ovi spae density of 2.9×10−8 m−3 and
assuming the radius of the LB to be 100 p, we nd a olumn density of 9×1012m−2,
a value that is ∼ 20 per ent more than the maximum N(Ovi) ontribution of the
LB derived by Oegerle et al. [226℄. If instead, a path length of 100 p would have
been used to alulate the N(Ovi), a value of ∼ 6 × 1012m−2 is obtained, and a
spae density of 1.9×10−8 m−3 is subsequently derived from the former value. This
value is ∼ 20 per ent lower than the one obtained in the FUSE survey.
In a similar fashion, the olumn densities of the Ovii ions assoiated to the four
model plasmas were also estimated. In table 4.8, the derived values are presented.
Manifestly, the Halo 1 omponent an be seen as the main Galati reservoir of
this ion speies. It represents ∼ 94 per ent of the total in this line of sight.
To nd the ontribution of the olumn density of the Ovii (λ 21.602 Å), we
would have to orret that value with the osillator strength (fosc) of 0.696 [230℄.
Applying this orretion to the values of olumn (8), in table 4.8, and nding the
averaged value of these best t values, we nd a value of 2.1×1016 m−2 for the
olumn density of Ovii (λ 21.602 Å) of the Halo 1 model omponent.
In reent years, there has been an aumulating observational evidene for x-
ray absorption features, whih have been interpreted as the result of absorption of
large amounts of intergalati warm-hot gas at dierent redshifts (z). At z ∼ 0
the deteted oxygen absorption lines in the x-ray spetra from AGNs, see e.g. Fang
et al. [231℄, Niastro et al. [232℄, Fang et al. [233℄, Rasmussen et al. [234℄, have
prompted some disussion, if these highly ionized x-ray absorptions are produed
in the Galati ISM, in the halo of the Milky Way Galaxy, in the Loal Group or
in the intergalati medium. For instane, Wang et al. [235℄ have reported olumn
densities for Ovii (λ 21.602 Å) of 1.9+1.3−0.7× 1016 m−2, for a gas with a temperature
of 1.3
+0.5
−0.6 × 106 K towards the LMC X-3, a high mass X-ray Binary in the Large
Magellani Cloud (LMC).
The most probable plasma speed for the four model omponents an also be
alulated for the O atom. This is given by the thermal veloity dispersion (vth =
(2kbT/mi)
1/2
, where mi is the ion mass). These veloities are given in olumns 3, 5,
9 and 11, for the LB, Loop i, the Halo 1 and Halo 2, respetively.
The Ovi olumn density is a sensitive traer of the age of an evolved bubble.
The evolution of the olumn density of Ovi in the loal ISM has been reently
studied, with a speial fous on the ontribution of the LB and Loop i bubbles, by
Breitshwerdt and de Avillez [141℄. High resolution hydrodynami simulations have
been performed in a 3D Galati ISM. These simulations have allowed a detailed
study upon the evolution of these two systems, taking into aount a previous re-
alisti bakground ISM mediumafter 200 Myr of a global dynamial equilibrium
within the Galati Fountain shemeand proper initial mass funtions (IMF) of
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Table 4.9: Equivalent widths (EW) expeted to be present in the four Galati plasma
omponents: the LB, Loop i, Halo 1 and Halo 2. The values shown take in to onsideration
the x-ray absorption due to the Ovii kβ (18.627 Å) and Ovii kα (21.602 Å) ions. The
values shown are given in units of mÅ. For more details see the text. In the last olumn
only the values assoiated to the best t values are given.
LB Loop I Halo 1 Halo 2 Total


















































−0.5 103 3.0 108.5
stars, whih have generate these two bubbles. The LB and Loop i bubbles were
arved by 19 and 39 supernovae explosions (SNe), respetively.
From the olumn densities of the O vii, one an estimate the equivalent widths
(EWs) of the absorptions of O vii (18.627 Å) and O vii (21.602 Å) that should











= 8.86× 10−21 fosc N(ion) λ2 [Å] (4.10)
where fosc is the osillator strength, N(ion) is the olumn density of the ion and λ the
wavelength of the atomi transition. This translates for the ase of O vii (21.602 Å)
in,
EW1 = 2.88× 10−18 N(ion) [Å] (4.11)
and for the O vii (18.627 Å) ase into,
EW2 = 4.49× 10−19 N(ion) [Å] (4.12)
Summing up these two ontributions yields,
EW = EW1 + EW2 =
= 3.33× 10−18 N(ion) [Å] (4.13)
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using the osillator strengths of fosc(λ 18.627 Å)=0.146 and fosc(λ 21.602 Å)=0.696
taken from Verner et al. [230℄.
In table 4.9 the EWs for the nine sets for eah model plama omponent are
given. As already antiipated, the Halo 1 an be responsable for a huge absorption
in the EUV and X-ray bakground radiation elds. Taken the average values from
table 4.9, the Halo 1 represents ∼ 95 per ent of the total absorption of the Ovii
ion. Using the the Ovii kα (21.602 Å) ion to investigate the absorption by this
omponent, one sees, that in this line of sight, this ion an indue an absorption
with an EW of ∼ 72 mÅ (103 mÅ × 0.696). Comparing this last value with the one
obtained from the olumnn density of 1.9
+1.3
−0.7 × 1016 m−2, and reported by Wang
et al. [235℄, we get 54.7
+54.7
−20.1 mÅ. This value is about 25 per ent less than the result
derived from our model.
4.14 Disussion
This study learly shows, that the standard paradigm of the LB is not observed.
The temperature derived from this analysis is similar to the one of Snowden et al.
[116℄. However, this might be the result of the low spetrum statistis. Moreover,
the eletron density derived from these spetral ts show, that the average value of
the LB eletron density is about 4 times higher than the Snowden et al. [116℄. Higher
eletron densities were also derived by several independent authors, see Henley et al.
[224℄ and Smith et al. [225℄. Also, the pressure assoiated to this plasma is too high
to allow the presene of loudswhih are known to exist in the LISMinside of
the LB.
Chapter 5
The Hyades & Taurus
Observations
The onstellation of Taurus. A drawing from the German lawyer Johann Bayer (15721625)
taken from his elestial atlas Uranometria, Augsburg, 1603. This is onsidered to be the rst
elestial atlas due to the aurate indiation of star positions and brightness. Soure Astronomy
Eduation Review.
5.1 Introdution
An investigation on the nature of the x-ray emission towards the Galati antienter,
or more preisely, towards the anti-Ophiuhus sky position, is performed in this
hapter. This allows us to do a omparative study on the Galati x-ray emission
in both opposite diretions.
The sky region seleted was the eld of the Hyades open luster. The star
luster of the Hyades an be dened by the retangle with the Galati oordinates




and b = −15◦  −28◦. This open luster has been studied
by Perryman et al. [163℄, who derived a luster distane of 46.34±0.27 p, with the
trigonometri parallaxes from the Hipparos satellite. These authors have also
estimated the age of this star luster using the He abundane in ombination with
the theoretial isohrones, to be 625± 50 Myr.
The main properties of the analysed XMM-Newton observations are given in
table 5.1. The last olumn, designated as Field, gives the name used for eah
105
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Field B Figure 5.1: The XMM-
Newton observations in the
Hyades Field. The Digitized Sky
Survey (DSS) image, having the
Hyades star luster in the eld of
view. The DSS image has a eld
of view 5
◦×5◦. Superimposed
to the image are also the four
XMM-Newton pointings. Only
elds A, B and C were used to
analyse the soft x-ray emission
towards the Hyades eld. The
olor intensity was saled, using
a square sale from 1670 (white)
to 10900 (blak) in the image
units. The very bright objet
is the Aldebaran star, a star of
spetral type K5 III at a distane
of 20 p from the Solar system.
observation throughout this hapter. In gure 5.1 an optial image, obtained from
the Digitized Sky Survey (DSS) is used to give a global perspetive of the sky and,
as well, to show the sky positions of the four XMM-Newton observations employed
in this investigation.
Table 5.1: The main XMM-Newton Observations in the Hyades eld.
Rev Observation Filter Observation Exposure Galati Galati Field
# ID Date Time [ks℄ Longitude Latitude
0049 0094810301 Thin1 2000-03-16T00:12:12 27 179.7830 −20.5840 X
0135 0101440501 Thik 2000-09-03T15:36:03 43 180.2301 −21.9713 A
0138 0109060301 Medium 2000-09-10T10:18:12 58 178.8850 −20.0111 B
0410 0101440501 Medium 2002-03-05T06:17:47 49 180.5870 −23.5390 C
5.2 The Hyades & Taurus XMM-Newton observations
Initially, four XMM-Newton observations in this general diretion were hosen to
perform this analysis. The XMM-Newton observation, designated by X, was not
inluded in this nal analysis, beause at the time of this analysis, there was a set
of missing les in the observation data les (ODF), les that were not produed at
the European Spae Astronomy Centre (ESAC)
1
due to time onstraints
2
. The lak
of suh les did not allow a preise analysis of the spetrum for this observation.




The missing ODF les were reently produed at ESAC.
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was not known, therefore not allowing a proper orretion of the high energy bak-
ground level, when subtrating the internal detetor bakground. A simple analysis
of this observation, however, has revealed the presene of one unidentied emission
line at 1.7 keV [236℄.
The XMM-Newton observation, designated by A, was performed to study the
x-ray emission from the 77 Tau star by Franiosini et al. [237℄, a star of spetral
K0 iiib at a distane of 48.4+2.1−1.9 p [238℄, belonging to a double system.
The seond analysed XMM-Newton observation, named B, orresponds to an
observation of the L1551 dark moleular loud [239℄, performed by Favata et al.
[240℄, to study the young stellar population. The L1551 moleular loud is one of
the nearest, and therefore most studied regions of low-mass star formation. It is part
of the Taurus-Auriga moleular loud omplex and the distane to its leading edge
has been measured to be 140±10 p by Kenyon et al. [241℄. It shows the usual signs
of reent star formation: pre-main-sequene stars [242℄, Herbig-Haro objets [243℄,
reetion nebulosity and some soures show moleular outows [244, 245, 246℄. The
stellar population in L1551 has been previously surveyed, using several methods:
x-ray mapping (Carkner et al. [247℄); optial and near-IR mapping (e.g., Brieño
et al. [242℄); optial spetra ([248℄) and Hα surveys (e.g., [249℄).
The XMM-Newton observation C was performed to study the x-ray emission
from the variable objet V
∗
V895 Tau, a star of spetral type G1 v at a distane of
44.9+3.3−2.8 p. For more details see Franiosini et al. [237℄.
5.3 Solar Wind Charge Exhange variability
An analysis upon the solar wind harge exhange (SWCE) variability was also ex-
euted for these observations, in a similar form as for the Ophiuhus x-ray shadow
experiment and HDFN observations.
The method to investigate the SWCE variability was desribed in hapter 4,
§ 4.6. Briey, this analysis onsists of the reation of sattergrams using two ount
rates in proper energy bands, and to investigate, if in the energy band, suitable to
be aeted by SWCE, there is a dierent ount rate during the observation. For
this analysis the ount rates were produed with a time bin size of 100.0 s.
In gure 5.2 the SWCE sattergrams are given for observations A, B and C. No
SWCE variability is seen in these three sattergrams. The averaged values agree
quite well with eah other. This is an indiation that the three XMM-Newton
observations were not aeted by SWCE, expet for, and if any, a quiesent level.
5.4 The Hyades and Taurus L1551 loud soft x-ray bak-
ground
As performed for the Ophiuhus x-ray shadow observations, it is neessary to in-
vestigate the LISM in the general diretion of the Hyades star luster. For that
the x-ray volume emissivity, derived from the study of the 1/4 keV ROSAT map by
Snowden et al. [116℄, is used. Also, the olumn density of neutral material, inferred
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Figure 5.2: SWCE Sattergrams. In the above plots the ount rates in the 0.5 - 0.75
and 2.0 - 8.0 keV energy bands from the Hyades A, B, and C XMM-Newton observations
are presented. This analysis was performed to study the variability of the ount rate in
the 0.5 - 0.75 keV band. The presene of variability in this energy band would indiate the
presene of SWCE x-ray emission. In these observations no variability was deteted.
from NaI D absorption studies by Lallement et al. [118℄, is used. This information is
used to depit the LISM as shown in gure 5.3. These images permit us to estimate
what is the extension of the LB and, at the same time, the distane at whih the
olumn density reahes the value of 2.0× 1019 m−2.
Redeld and Linsky [250℄ have shown, that the olumn density due to the loal
interstellar loud (LIC) and the Hyades loud omponent, if present in this region,
ranges from 1.45×1018 m−2 to 1.56×1018 m−2. These olumn densities do not
aet the x-ray photons in the interval from 0.25 to 7.0 keV, and therefore were not
inluded in the model.
The Galati olumn density, in these three dierent diretions an be estimated
by using the online NH alulator
3
. The values of the olumn density of H i in these
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Figure 5.3: The loal Galati ISM. This gure is similar to gure 4.8. The only
dierene regarding gure 4.8 is the superposition of the loation of the Hyades star luster,
and the projetion of the Pleiades in these two planes.
The large-sale extintion map of the Galati antienter, reated by Froebrih
et al. [251℄, using the olour exess from the 2MASS, an also be used for indepen-
dently estimating this quantity in eah of these diretions. After applying a onver-
sion fator of 2×1021 AV mag−1 m−2, we nd a olumn density of 2.54×1021 m−2,
8.45×1021 m−2, and 2.15×1021 m−2 for eld A, B and C, respetively. Another
way to investigate the olumn density of H i in this sky region is, by studying the
olumn density towards stars with known distanes.
The stars belonging to the atalogue of Lallement et al. [118℄ have also been used
to analyse the olumn densities towards stars lying in the general diretion of these
XMM-Newton observations. For that, the distane versus olumn density was used
to analyse the olumn density in this Galati diretion, see gure 5.4. A searh




with a radius of 15
◦
in the
former atalogue was performed. No star within a radius of 5
◦
was found. Six stars




. These stars are shown in gure 5.4





was found. These are shown as open green-irles. Another searh, using the
SIMBAD database, this time entered in eah of the these observations and using
a radius of 1
◦
, found more ten stars, shown as blue squares. The basi information
from the stars employed to make this plot are given in the appendix E.1, in table E.1.
The information regarding the olumn density towards the Hyades stars, was taken
from Redeld and Linsky [250℄, and also inluded in gure 5.4. This plot shows
the presene of a strong olumn density gradient of H i, somewhere in between the
Hyades star luster and stars at a distane of 100 p.
























































































































Figure 5.4: The olumn densities towards stars in the Hyades and Taurus elds. For
reating this plot, the atalogue from Lallement et al. [118℄ was used. A searh on the





and within a radius of 15
◦
. No stars from this atalogue were found within a
radius of 5
◦
. Within an annulus of an inner radius of 5
◦
to an outer radius of 10
◦
, a total
of 6 stars was found (red lled irles). The open irles represent stars from the former




. In blue it is shown another searh done in
SIMBAD, entered in eah of the three XMM-Newton observations with a radius of 1
◦
.
Clearly, there is a strong disontinuity seen at about 100 p. The information regarding
the distane and olumn density of the Hyades open luster (red pentagons) was taken
from Redeld and Linsky [250℄.
5.4.1 The x-ray spetra
The proess of x-ray spetra extration from these XMM-Newton observations fol-
lows the reipe desribed in hapter 3, § 3.4. In summary, the event les are leaned
from instrumental artifats, bad pixels, bad olumns and OOT events. In partiu-
lar during these observations, the EPIC-pn amera was operated in the Full Frame
Window mode. In this operating mode the OOT events amount to 6.2 per ent
of the total events, and, allied to the fat of being relatively rowded elds, it is,
therefore, important to properly remove the OOT events. During this proess the
deteted x-ray soures are also removed from the event les, after whih spetra
are extrated. The lean GTI les have 27 ks, 45 ks and 29 ks for elds A, B and
C, respetively. The x-ray spetral t was performed, using the standard XSPEC
pakage, version 11.3.2ag.
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In this general galati diretion there are some strong features of radio ontin-
uum, suh as Loop ii and Loop v, and H i shells, whih are thought to be the left
over of supernova remnants. Given all the inertanties assoiated to their geometri
properties, it may be possible that the line of sight of the Hyades XMM-Newton
observations ross one of these strutures. In partiular, Loop ii with the gala-




, and with an angular diameter of
91
◦
[252℄. In a reent study performed by Borka [253℄ a distane of 97± 18 p and
a diameter of 141± 22 p was determined for Loop ii.
We have investigated two simple x-ray emission models, omposed of three ther-
mal plasmas and an extragalati omponent. The only dierene between these two
models is the hange of the position of one of the galati halo plasma regarding
the H i wall in this diretion. In this way we an investigate the possibility of extra
x-ray emission not assoiated to the LB and not absorbed.
5.4.2 The First Model
The model used to t these spetra is omposed by an unabsorbed thermal plasma,
representing the LB by two absorbed thermal halo plasmas of dierent temperatures,
and by an extragalati x-ray osmi omponent. The model an be written as
follows,
I = ILB + e
−τNH [IHalo i + IHalo ii +AE
Γ] (5.1)
The t proedure onsists in simultaneously tting the three spetra. In the
model, the same LB temperature was assumed for the three spetra. This means,
that during the t, the LB model omponent has been fored to assume the same
temperature. However, the EMs were allowed to vary freely. The olumn density,
assoiated to the intervening ISM material, was also allowed to vary. The model has
two halo omponents representing a old and a hotter halo plasma. The old halo
model omponent was fored to have the same temperature in the three spetra and
was xed to the best t value. Also their EMs were frozen to their best t values.
The temperature of the hot halo omponent was allowed to vary. Sine, this model
omponent had similar temperature values for spetra from elds B and C, they
were also assumed to be the same in the t. The EMs of this model omponent
were also let free during the minimization proedure. The extragalati omponent
was xed to the expeted values [158℄ after applying the orretion for the high
radiation level to the spetra from the losed observations. After nding the best t
model, the olumn densities were frozen to their best t values. The redued χ2red
of the best t model was 1.06. The results from the t are shown in table 5.2. The
errors given in table 5.2 were alulated in order to have a 90 per ent ondene
level, assuming six free model parameters, implying a ∆χ2 of 10.640.
In gure 5.5 the plot resulting from the best t model is shown. The LB ontri-
bution is also presented. The ontour plots assoiated to these results are presented
in the appendix F.
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Table 5.2: Hyades spetral t results 1. The errors shown are within the 90% ondene
level for six interesting parameters, implying χ2 = χ2min + ∆χ
2
, with ∆χ2 = 10.640. The
plasma temperatures are given in units of 10
6
Kelvin and the emission measures (EM) in
units of m
−6
p. The Galati olumn densities (NH) are given in units of 1021 m−2.
The χ2red from this simultaneous t is 1.06.
LB Halo i Halo ii






















































Figure 5.5: The soft x-ray spetra towards the Hyades and Taurus. In this gure is
shown the plot, resulting from the simultaneous t to the A (blue), B (red) and C (blak)
spetra. The model onsists of one unabsorbed thermal plasma, representing the LB,
plus two absorbed Galati Halo plasmas and the extragalati x-ray osmi bakground
omponent. The main results from the t are shown in table 5.2. The LB temperature
was found to be 8.6× 105 K, with an average eletron density ne ∼ 0.016 m−3 .
5.4.3 The Seond Model
A dierent model omposed of two unabsorbed thermal plasmas plus two absorbed
omponents, a thermal plasma and the extragalati omponent, was also tted to
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the x-ray data. The model is,
I = ILB + IHalo i + e
−τNH [IHalo ii +AE
Γ] (5.2)
The simultaneous spetra t gave a worse redued χ2 of 1.1. The LB thermal
plasma temperature derived form the t was kBT = 0.109 keV (1.26× 106 K). The
emission measures (EMs) obtained from the t were 0.009 0.010, and 0.011 m
−6
p
for elds A, B and C, respetively. For spetra from elds B and C no seond un-
absorbed thermal plasma was required, in ontrast to eld A, where a plasma with
a temperature of kBT = 0.545 keV (6.3 × 106 K) was needed. The best t values
of the olumn densities were 1.74×1021 m−2, 2.64×1021 m−2 and 3.65×1021 m−2
for elds A, B and C, respetively. The olumn density for eld C is, however, too
high when ompared to eld B, where the highest olumn density should be observed
due to the Taurus L1551 moleular loud. The absorbed plasma temperature, orre-
sponding to the galati halo omponent, derived from this t, was kBT = 0.238 keV
(∼ 2.8 × 106 K), with EMs of 0.0045, 0.0065 and 0.0116 m−6 p for elds A, B,
and C, respetively. This temperature also seems to be too high for a old Galati
halo plasma in the Galati antienter diretion. The EM of this plasma, derived
from the t in eld C, also seems to be too large, ompared with the other two
EMs values, by a fator of 2.6 and 1.8. Also, the fat that in this model a very hot
and non-absorbed plasma is required in eld B, and not in the other two elds, is
also physially unaeptable in these small degree sales, like in the present ase.
Beause of the reasons above mentioned, this model was rejeted.
5.5 The eletron density and thermal pressure from the LB
The x-ray emissivity maps derived by Snowden et al. [116℄ allow us to estimate
the extension of the LB in this diretion to be 65 p. If we assume, that the
LB extension in eah of these three observations is the same, then the following













obtained for the A, B, and C elds, respetively. It is interesting to note, that the
average eletron density for eah observation dereases as |b| inreases. As expeted,
this is an indiation of an eletron density gradient in the LB. However, given the
errors assoiated to these measurements, it will be assumed that the representative
eletron density value in this sky diretion is the average eletron density of these
three observations. Therefore, the average eletron density in this general diretion




. The pressure of LB plasma derived, using the former
values of temperature and eletron density, is p/2kB = 1.38
+0.20
−0.26 × 104 m−3 K.
5.6 The O vi and O vii olumn densities
In a similar form, as performed for the Ophiuhus x-ray shadow experiment, we an
estimate physial observables suh as the olumn density of the O vi ion. We an
estimate this value by using equation 4.9, given in hapter 4, § 4.13.
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The olumn densities of the O vi ion derived for the LB model omponent
from these observations are 8.6
+3.0
−2.7 × 1012 m−2, 9.1+3.2−2.8 × 1012 m−2, and 8.3+3.0−2.6 ×
1012 m−2 for the A, B and C elds, respetively. The average olumn density of
these observations is 8.7
+3.6
−3.0×1012 m−2, see table 5.3. The spae average density of
O vi, obtained from the values above, is 4.3
+1.8
−1.5×10−8 m−3. In the study performed
by Oegerle et al. [226℄ in the LISM, a olumn density of O vi of ∼ 7×1012 m−2 was
attributed to the LB and an average spae density of 2.45×10−8 m−3 was derived,
assuming a radius of 100 p. The olumn and the average spae densities, derived
from the values obtained from this analysis, are higher than the ones from Oegerle
et al. [226℄. However, given the errors assoiated to these physial parameters, it
must be onluded that the values of Oegerle et al. [226℄ are ompatible with the
ones derived from the x-ray spetra.
Besides, alulating the olumn densities for the O vi ion, the same exerise
an be done for the O vii ion and for all three thermal plasmas: LB, Halo i and
Halo ii. In table 5.3 the estimated olumn densities for the O vii ion, for these
model plasmas, are presented. When alulating these physial quantities, it was
assumed a line of sight of 5.85 kp for the Galati halo plasmas. This was done
in order to assume that at that distane, and for a Galati latitude of |20
◦
|, these
observations were sampling hot gas at a sale height of 2.0 kp. As it an be seen
from table 5.3, olumn 5, the olumn density of the O vii ion, assoiated to the old
halo plasma, is ∼ 4 times higher than the olumn density assoiated to the old halo
in diretion of the Galati enter, see table 4.8 on § 4.13.
Several reasons an be put forward to explain this disrepany. One of the rea-
sons may be due to the assumption of a line of sight of 5.85 kp, when alulating
these values. Another reason may reside simply in the fat that these plasmas have
dierent plasma temperatures, and therefore, dierent ionization frations with the
ionization peak for the O vii ion at ∼ 8× 105 K. Besides the reasons above, theo-
retially, it would also be possible, that we are observing some x-ray emission from
gas of the warm-hot intergalati medium (WHIM), in partiular of hot baryons
predited by Cen and Ostriker [254℄ and Davé et al. [255℄ in hydrodynami osmo-
logial simulations. However, with this kind of medium spetral resolution analysis
it is not possible to disentangle any ontribution of this hot baryons from the Gala-
ti emission. In order to be able to disentangle that ontribution, high spetral
resolution absorption (emission) studies would be required. This is not possible
with the EPIC-MOS and EPIC-pn ameras. It is interesting to note that, there is
an on-going disussion about the loation for suh highly ionized gas [256, 257, 258℄.
For instane, Wang et al. [235℄ have onluded that the bulk of the highly ionized
gas, like the O vii absorbers, is loated near the Milky Way Galaxy, most likely in
a thik hot gaseous dis.
5.7 The equivalent widths
The equivalent widths (EWs) assoiated to the olumn density from the O vii ion
an also be estimated by using equation 4.13, on § 4.13, and the values of the
olumn densities from table 5.3. The alulated EWs are given in table 5.4. The
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Table 5.3: Ovi and Ovii olumn densities. In this table we present the expeted values
for the following physial quantities: The N(Ovi) for the LB in olumn 2. Columns 3, 5
and 7 show the N(Ovii) for the LB, Halo i and Halo ii, respetively. In olumns 4, 6 and
8 the expeted thermal veloity dispersions for these dierent omponents of the oxygen
ion are shown. For alulating the olumn densities of Ovii of the halo omponents, a line
of sight of 5.85 kp was assumed. This line of sight was assumed in order to sample gas at
a sale height of 2.0 kp for a |b|=20
◦
.
LB LB Halo i Halo ii





















































EWs derived for the Halo i plasma also show very high values as expeted from
the olumn densities of O vii.
Table 5.4: The EWs assoiated to the Ovi and Ovii olumn densities. These values are
obtained using the equation 4.9 and the values of the olummn densities given in table 5.3.
LB Halo i Halo ii






















This analysis shows, that in this sky diretion the LB temperature and eletron
density are very dierent from the values assoiated to the standard piture of the
LB, see Snowden et al. [116℄. The pressure of the LB in this ase is also too high to
allow the presene of old and warm louds within the LB boundaries.
In this general diretion towards the Galati antienter there are a series of OB
assoiations. In table 5.5 the general properties of these OB assoiations are given.
This information is given, in order to infer possible soures for the hot plasmas,
5.8. DISCUSSION 116
Table 5.5: OB star assoiations in the Galati antienter and lose to the XMM-Newton
observations.
Name Galati Range Distane Age
Longitude Latitude kp Myrs
α Persei 140◦  165◦ +3◦  −17◦ 0.177(1) ∼ 50
Aur OB 1 168
◦
 178




◦ +12◦  −45◦ 0.140(1) ∼ 50
Per OB 2 145
◦
 170
◦ −13◦  −27◦ 0.318(1) 1  4
(1) - de Zeeuw et al. [181℄ (2) - Humphreys [259℄ (3) - Kharhenko et al. [260℄
resulting from SNe, in this general diretion. In this antienter diretion there is
the Perseus arm. Therefore, it is plausible, that the hotter plasma omponent may
also be the result of gas assoiated to this arm, streaming from the stellar ativity
in the Galati plane. In this general diretion there are, at least, two well known
examples of suh stellar ativity. They are the remnants of the Crab (l = 184.55
◦
,




The Milky Way Galaxy struture dedued from star ounts by William Hershel (1738-1822). In
his 1785 paper "On the Constrution of the Heavens" he presented a ross setion of the Milky
Way, omposed of millions of stars. The Sun is loated in the enter of the map. By studying
the soft x-ray emission in many lines of sight through the Galaxy, it would be possible to derive
a 3D struture for the hot Galati plasma pervading our Galaxy. However, in order to run
into the problem that as Hershel, by not taking into aount the dust extintion, one should
be very areful and take into aount the extintion and the intrinsi luminosity (as well as the
unresolved point soures) of the diuse X-ray emission.
6.1 Conlusions
The main purpose of the present work was, to investigate the Galati soft x-ray
emission towards the Ophiuhus moleular loud, in partiular the LB x-ray emis-
sion. This program was designed to use the high x-ray absorption, produed by the
dark moleular lament from the Ophiuhus loud omplex, with olumn densities
ranging from ∼ 1021 to ∼ 1022 m−2, to disentangle the LB emission from other
Galati x-ray emissions.
The results obtained from this analysis, shows that the physial parameters
assoiated to the LB plasma are dierent from the work of Snowden et al. [116℄.
A temperature of TLB = 1.20
+0.67
−0.61 × 106 K and an ne(lb) = 0.017+0.025−0.007 m−3 were
derived, see § 4.11.
The temperature of 3×106 K, derived from the spetral ts from the Ophiuhus
dark lament observations for the Loop I supperbubble, agrees with the values
derived by Egger and Ashenbah [196℄.
Moreover, sine the Ophiuhus moleular omplex is approximately loated in
the diretion of the Galati enter (GC), we ould investigate the temperatures and
EMs of the hot halo plasmas present in these line of sights, with a sale height of
117
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2 kp above the Galati plane. The x-ray spetra model from the x-ray shadow
experiment observations allows the presene of two other plasmas, representing other
hot Galati plasmas in the diretion of the GC. The temperatures derived for these
two plasmas were THalo i = 1.5× 106 K and THalo ii = 3.9× 106 K, respetively.
Complementing the former study, another was performed to analyse the soft x-
ray emission in the Galati antienter diretion. Three XMM-Newton observations
were used to study the LB and other Galati x-ray emissions. These observations
were performed in the Hyades star luster and Taurus diretions.
The simultaneous t to these spetra reveals a TLB = 0.86
+0.16
−0.11 × 106 K and an




, see § 5.4. In this analysis three dierent halo
plasmas were required to reprodue the XMM-Newton spetra. This x-ray spetral
t reveals a ool Galati plasma, with a temperature of THalo i = 0.75×106 K, and
two hotter plasmas of temperatures of THalo ii b, = 2.8 × 106 K and THalo ii a =
3.5× 106 K.
From these studies it is evident, that the older omponent of the hot halo
shows a temperature gradient from THalo i = 1.5×106 K (in diretion of the GC) to
THalo i = 0.75×106 K (in the opposite diretion). This result was expeted, beause
most of the star formation ours, in our Galaxy, within the Galati orbit of the
Sun. Therefore, lower temperatures should be observed in the antienter diretion.
In regard to the hotter halo omponent, and in partiular towards the GC, the
higher temperature of this plasma is probably the result of the stream of hot gas
from the GC region. In the Galati antienter diretion this may be also the result
of the stream of hot plasma from SNe in the galati dis or from old SN remnants
in these regions.
This work shows, that the physial parameters of the temperature
and of the eletron density assumed in the standard LB model, de-
rived from ts of low resolution spetra obtained by the ROSAT
satellite by Snowden et al. [116℄ are not observed in the present
analysis. Even if it an be argued, that the temperature derived
from the x-ray shadow experiment on the Ophiuhus dark lament
is ompatible with analyses supporting the LB paradigm, this is
more likely to be due to the low statistis, resulting from the small
exposures times and small spetral extration areas.
The results from the analysis of the soft x-ray emission of the LB
in the Galati antienter diretion also show strongly, that the
LB temperature does not math the one from the LB paradigm,
and as well, the eletron density. Interestingly, the eletron densi-
ties derived from the Ophiuhus shadow and Hyades-Taurus XMM-
Newton observations agree remarkably well with eah other.
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If it is assumed, that the temperatures derived from these inde-
pendent XMM-Newton oppositional observations represent the LB
plasma temperature in eah diretion, then this fat would imply
that the LB plasma is in a non-CIE state, or in a NEI state, as
suggested by Breitshwerdt and Shmutzler [92℄ and further devel-
oped in Breitshwerdt [128, 261℄. Sine, the temperature derived
from these dierent observations should be the same. Moreover,
an astrophysial overionized NEI plasma, with lower kineti ele-
tron temperature, when tted with CIE plasmas invariably leads
to higher temperatures ts, see gure 2.3 on § 2.2.2.
Undoubtedly, the eletron density derived in this analysis and from
other independent studies, see the results from Henley et al. [224℄
and Smith et al. [225℄, gives support to the laim of a revision of
the value of the temperature, of the eletron density, and as well of
the physial plasma state of the LB.
6.2 Perspetives for further work
The diretion of future work should ontemplate a new analysis on the x-ray shadow
experiment on the Ophiuhus dark lament with deeper exposure times. The present
XMM-Newton observations have very short exposure times. For instane, ompared
with the Hyades-Taurus observations, they have in average ∼ 6 times less exposure
time. Moreover, the spetra extration regions of the Ophiuhus XMM-Newton
observations have in average ∼ 4.5 less extration area than the Hyades-Taurus
observations. These ombined eets strongly ontribute for the weak onstraint on
the LB temperature and eletron density, derived from these observations. In order
to improve these results, as ahieved for the Hyades-Taurus observations, it would
be required to have, at least, lean observations with exposure times of 50.0 ks for
the new XMM-Newton on-loud observations. Besides obtaining x-ray data with the
EPIC-pn amera for the same three XMM-Newton pointings, the reetion grating
spetrometer (RGS)on-board of the XMM-Newton spaeraft with a bandpass
from 5 Å to 35 Åshould also be used in the third pointing. This would allow us
to obtain spetra of high resolution from the x-ray soure 1RXS J164042.2-243513.
As reported in the appendix C the 1RXS J164042.2-243513 x-ray soure shows a
featureless spetrum, and it may be at a distane of ∼ 520 p. Therefore, the
high resolution spetrum would allow us to study the important ISM absorption
lines, suh as the O vii (18.627 Å and 21.60 Å) and O viii (18.967 Å), along this
line of sight. With this information of the absorption EWs, the ontribution of
the LB and Loop I supperbubble ould be investigated. However, sine the XMM-
Newton performane is highly aeted by periods of solar proton ares, with 40 to
50 per ent of the observing time being ontaminated, a serious proposal has to take
into onsideration this eet, with a request for more exposure time, in order to
ompensate it.
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As performed with the Hyades-Taurus observations, other XMM-Newton obser-
vations stored in the arhive an also be used for further studies of the LB and other
Galati soft x-ray emissions.
From a more global perspetive, it would also be desirable to do other x-ray
shadow experiments to more distant Galati moleular louds, in many dierent
diretions. These studies would permit us to probe the dierent Galati plasma
temperatures and spatial extensionstherefore, making it possible to draw the 3D
struture of these Galati plasmas.
The extended ROentgen Survey with an Imaging Telesope Array (eROSITA)
mission, under development at MPE and to be launh in 2012, design to produe
x-ray all sky surveys, has the potential to resolve the question of the physial state
of the LB plasma. The eROSITA CCD detetors, developed for spetrosopy and
imaging of x-ray photons, will be able to operate eiently in the energy band of
0.212 keV. In onjuntion with the high olleting area, the new pn detetors will
have an unpreedented spetral resolution and quantum eieny. The best spetral
resolution will be attainable, preisely, on the soft x-ray band, with FWHM of 54 eV
at 0.277 keV, a FWHM of 74 eV at 1.5 keV, and a FWHM of 134 eV at 5.9 keV,
reahing almost 100 per ent, in terms of quantum eieny, in the energy band
of 0.310 keV. These apabilities are of fundamental importane to resolve spetral
emission lines and, therefore, to distinguish between CIE or NIE plasmas.
On the long term, other missions are being onsidered. The X-Ray Evolving
Universe Spetrometer (XEUS), a future x-ray mission under study by ESA, given
its projeted high olleting area and high spetral resolution will surpass the a-
pabilities of eROSITA. The Missing Baryon Explorer (MBE) and the Diuse Inter-
galati Oxygen Surveyor (DIOS) have been reently proposed to investigate the
soft x-ray emission of the warm hot intergalati medium (WHIM) will omplement
the eROSITA and XEUS missions. In orbit they will give an invaluable ontribution




Table A.1: Physial Constants
Symbol Quantity Value Units
 Speed of light in vauum 299792458 m s−1
e Elementary harge 1.602176487 10−19 C
mn Neutron rest mass 1.674927211 10−27 kg
mp Proton rest mass 1.672621637 10−27 kg
me Eletron rest mass 9.10938215 10−31 kg
h Plank's onstant 6.62606896 10−34 J s
~ Dira's onstant (= h/2π) 1.05457163 10−34 J s




1.3806504 10−23 m2 kg s−2 K−1
1.3806504 10−16 erg K−1
G Gravitational onstant 6.67428(67) 10−11 N m2 kg−2
σ Stefan-Boltzmann onstant 5.670400 10−8 J m−2 K−4 s−1
εo Permittivity of free spae 8.854187817 10−12 C2 N−1 m−2
µo Permeability of free spae 4π 10−7 H m−1




R Gas onstant 8.314 J K−1 mol−1
a0 Bohr radius 5.2917720859 10−11 m




α Fine struture onstant 1/137.03599907
M⊙ Solar Mass 1.989 1030 kg
R⊙ Solar radius 6.96 108 m
L⊙ Solar luminosity 3.827 1026 J s−1
M⊕ Earth Mass 5.976 1024 kg
R⊕ Mean Earth radius 6.371 106 m
1 ly Light Year 9.461 1015 m
1 AU Astronomial Unit 1.496 1011 m
1 p Parse 3.086 1016 m
1 yr Year 3.156 107 s
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A.1 Solar Wind Charge Emission lines
Table A.2: The Solar Wind Charge Exhange X-ray Emission lines. Table showing the
most important SWCE emission lines taken from Wargelin et al. [262℄.
Energy Wavelength
Line (eV ) Å Line Yield






41.469 , 40.728, 40.269 0.899
C VI Lyα 368 33.690 0.650






29.529, 29.079, 28.789 0.872
N VII 500 4.796
C VI Lyβ 436 28.436 0.108
C VI Lyγ 459 27.011 0.165






22.099, 21.799, 21.599 0.865
O VIII Lyα 654 18.957 0.707
O VII Kβ 665.59 18.627 0.121
O VIII Lyβ 775 15.997 0.091
O VIII Lyγ 817 15.175 0.033
O VIII Lyδ 836 14.830 0.103
O VIII Lyǫ 847 14.678 0.030
Fe XVII 725, 727, 739 17.101, 17.054, 16.777
Fe XVII 826 15.001




























Spetral Signature of the Soft
Proton Flares
B.1 Spetral Signature of the Soft Proton Flares
In this appendix we present the omplete results from the spetral ts, to the Soft
Proton Flares (SPFs) periods, disussed in hapter 3, for all observations studied
in that hapter and in eah detetor region. The purpose of this analysis was to
investigate, if x-ray emission lines ould be assoiated to SPFs.
The x-ray data was tted with an unfolded power-law funtion, having the
following form:






where Normalization (Nor) is the extrapolated normalization fator, at 1 keV, given
in units of photons per keV, per m
2
, and per s, E is the energy in keV, and Γ is the
spetral index of the power law. The x-ray spetral t was done with the XSPEC
pakage, version 11.0.3. After onverging to the best minimum (χ2 minimization)
, the assoiated errors to the model parameters were alulated within the 90 per
ent ondene level, implying a ∆χ2 = 4.61, for two interesting parameters. In
the following tables the results of the ts are presented. In table B.1 the main
observational properties of these XMM-Newton observations are presented again.
Table B.1: The main properties of the Hyades XMM-Newton observations. The values
presented in this table orrespond to the ones of the EPIC-pn amera.
Rev Observation Filter Observation Time Galati Galati Target
# ID Date Total [ks℄ Longitude Latitude Name
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Table B.2: MBM 12. Results from the spetral tting of the soft protons from period
2 using period 1 as the bakground. Comparison of the unfolded power-law ts between
observation MBM 12 a and MBM 12 b.
Detetor Regions XMM-Newton Observations
i MBM 12 a MBM 12 b
01
Γ = 0.59± 0.07
Nor = 0.20± 0.02
Γ = 0.69± 0.07
Nor = 0.23± 0.02
02
Γ = 0.56± 0.06
Nor = 0.22± 0.02
Γ = 0.63± 0.07
Nor = 0.23± 0.02
03
Γ = 0.59± 0.06
Nor = 0.22± 0.02
Γ = 0.64± 0.07
Nor = 0.22± 0.02
04
Γ = 0.61± 0.06
Nor = 0.22± 0.02
Γ = 0.65± 0.07
Nor = 0.23± 0.02
05
Γ = 0.59± 0.07
Nor = 0.21± 0.02
Γ = 0.63± 0.08
Nor = 0.29± 0.02
06
Γ = 0.59± 0.07
Nor = 0.20± 0.02
Γ = 0.64± 0.08
Nor = 0.22± 0.02
07
Γ = 0.65± 0.07
Nor = 0.22± 0.02
Γ = 0.66± 0.08
Nor = 0.21± 0.02
08
Γ = 0.61± 0.07
Nor = 0.20± 0.02
Γ = 0.68± 0.08
Nor = 0.20± 0.02
09
Γ = 0.61± 0.07
Nor = 0.20± 0.02
Γ = 0.69± 0.07
Nor = 0.20± 0.02
10
Γ = 0.60± 0.03
Nor = 0.98± 0.03
Γ = 0.65± 0.04
Nor = 0.96± 0.04
Table B.3: MBM 12. Results from the spetral tting of the soft protons from period
3 using period 1 as the bakground. Comparison of the unfolded power-law ts between
observation MBM 12 a and MBM 12 b.
Detetor Regions XMM-Newton Observations
i MBM 12 a MBM 12 b
01
Γ = 0.60± 0.03
Nor = 0.56± 0.02
Γ = 0.69± 0.03
Nor = 0.53± 0.02
02
Γ = 0.59± 0.03
Nor = 0.58± 0.02
Γ = 0.66± 0.03
Nor = 0.56± 0.02
03
Γ = 0.61± 0.03
Nor = 0.60± 0.02
Γ = 0.65± 0.03
Nor = 0.54± 0.02
04
Γ = 0.59± 0.03
Nor = 0.61± 0.02
Γ = 0.65± 0.03
Nor = 0.56± 0.02
05
Γ = 0.58± 0.03
Nor = 0.57± 0.02
Γ = 0.63± 0.03
Nor = 0.54± 0.02
06
Γ = 0.58± 0.03
Nor = 0.56± 0.02
Γ = 0.65± 0.03
Nor = 0.54± 0.02
07
Γ = 0.60± 0.04
Nor = 0.56± 0.02
Γ = 0.65± 0.03
Nor = 0.52± 0.02
08
Γ = 0.61± 0.03
Nor = 0.56± 0.02
Γ = 0.65± 0.03
Nor = 0.48± 0.02
09
Γ = 0.60± 0.03
Nor = 0.58± 0.02
Γ = 0.68± 0.03
Nor = 0.51± 0.02
10
Γ = 0.60± 0.02
Nor = 2.71± 0.05
Γ = 0.64± 0.01
Nor = 2.43± 0.03
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Table B.4: MBM 12. Results from the spetral tting of the soft protons from pe-
riod 3 using period 2 as bakground. Comparison of the unfolded power-law ts between
observation MBM 12 a and MBM 12 b.
Detetor Regions XMM-Newton Observations
i MBM 12 a MBM 12 b
01
Γ = 0.60± 0.06
Nor = 0.37± 0.03
Γ = 0.63± 0.04
Nor = 0.32± 0.02
02
Γ = 0.61± 0.06
Nor = 0.37± 0.03
Γ = 0.63± 0.04
Nor = 0.35± 0.02
03
Γ = 0.62± 0.06
Nor = 0.39± 0.03
Γ = 0.63± 0.04
Nor = 0.34± 0.02
04
Γ = 0.58± 0.06
Nor = 0.39± 0.03
Γ = 0.61± 0.04
Nor = 0.35± 0.02
05
Γ = 0.58± 0.06
Nor = 0.37± 0.03
Γ = 0.59± 0.04
Nor = 0.33± 0.02
06
Γ = 0.58± 0.06
Nor = 0.37± 0.03
Γ = 0.60± 0.04
Nor = 0.34± 0.02
07
Γ = 0.57± 0.07
Nor = 0.34± 0.03
Γ = 0.60± 0.04
Nor = 0.33± 0.02
08
Γ = 0.60± 0.06
Nor = 0.37± 0.03
Γ = 0.59± 0.04
Nor = 0.30± 0.02
09
Γ = 0.60± 0.06
Nor = 0.38± 0.03
Γ = 0.63± 0.04
Nor = 0.32± 0.02
10
Γ = 0.60± 0.03
Nor = 1.74± 0.06
Γ = 0.62± 0.02
Nor = 1.42± 0.03
Table B.5: V410 Tau. Results from the spetral tting of the soft protons from pe-
riod 2 using period 1 as bakground. Comparison of the unfolded power-law ts between
observation V410 Tau a and V410 Tau b.
Detetor Regions XMM-Newton Observations
i V410 Tau a V410 Tau b
01
Γ = 0.81± 0.08
Nor = 0.15± 0.03
Γ = 0.67± 0.06
Nor = 0.10± 0.01
02
Γ = 0.76± 0.08
Nor = 0.13± 0.03
Γ = 0.68± 0.07
Nor = 0.10± 0.01
03
Γ = 0.77± 0.08
Nor = 0.15± 0.03
Γ = 0.68± 0.05
Nor = 0.12± 0.01
04
Γ = 0.75± 0.07
Nor = 0.17± 0.03
Γ = 0.63± 0.05
Nor = 0.12± 0.01
05
Γ = 0.73± 0.08
Nor = 0.14± 0.03
Γ = 0.66± 0.06
Nor = 0.11± 0.01
06
Γ = 0.74± 0.08
Nor = 0.15± 0.03
Γ = 0.64± 0.06
Nor = 0.11± 0.01
07
Γ = 0.78± 0.08
Nor = 0.16± 0.03
Γ = 0.65± 0.05
Nor = 0.12± 0.01
08
Γ = 0.75± 0.08
Nor = 0.15± 0.03
Γ = 0.59± 0.06
Nor = 0.10± 0.01
09
Γ = 0.77± 0.08
Nor = 0.16± 0.03
Γ = 0.62± 0.05
Nor = 0.11± 0.01
10
Γ = 0.76± 0.04
Nor = 0.70± 0.07
Γ = 0.64± 0.02
Nor = 0.52± 0.02
B.1. SPECTRAL SIGNATURE OF THE SOFT PROTON FLARES 126
Table B.6: V410 Tau. Results from the spetral tting of the soft protons from pe-
riod 3 using period 1 as bakground. Comparison of the unfolded power-law ts between
observation V410 Tau a and V410 Tau b.
Detetor Regions XMM-Newton Observations
i V410 Tau a V410 Tau b
01
Γ = 0.71± 0.01
Nor = 0.49± 0.05
Γ = 0.61± 0.04
Nor = 0.43± 0.02
02
Γ = 0.69± 0.01
Nor = 0.46± 0.05
Γ = 0.58± 0.04
Nor = 0.40± 0.02
03
Γ = 0.71± 0.01
Nor = 0.56± 0.05
Γ = 0.62± 0.04
Nor = 0.48± 0.02
04
Γ = 0.70± 0.01
Nor = 0.59± 0.06
Γ = 0.58± 0.04
Nor = 0.50± 0.02
05
Γ = 0.65± 0.01
Nor = 0.51± 0.06
Γ = 0.57± 0.04
Nor = 0.45± 0.02
06
Γ = 0.66± 0.01
Nor = 0.52± 0.05
Γ = 0.60± 0.04
Nor = 0.47± 0.02
07
Γ = 0.69± 0.01
Nor = 0.56± 0.05
Γ = 0.61± 0.04
Nor = 0.48± 0.02
08
Γ = 0.67± 0.01
Nor = 0.51± 0.05
Γ = 0.56± 0.04
Nor = 0.43± 0.02
09
Γ = 0.71± 0.01
Nor = 0.56± 0.05
Γ = 0.58± 0.04
Nor = 0.45± 0.02
10
Γ = 0.69± 0.01
Nor = 2.49± 0.01
Γ = 0.59± 0.02
Nor = 2.13± 0.04
Table B.7: V410 Tau. Results from the spetral tting of the soft protons from period
3 using the spetra from period 2 as bakground. Comparison of the unfolded power-law
ts between observation V410 Tau a and V410 Tau b.
Detetor Regions XMM-Newton Observations
i V410 Tau a V410 Tau b
01
Γ = 0.67± 0.05
Nor = 0.35± 0.03
Γ = 0.59± 0.05
Nor = 0.33± 0.02
02
Γ = 0.66± 0.05
Nor = 0.33± 0.03
Γ = 0.55± 0.06
Nor = 0.30± 0.02
03
Γ = 0.69± 0.05
Nor = 0.40± 0.03
Γ = 0.60± 0.05
Nor = 0.36± 0.02
04
Γ = 0.68± 0.06
Nor = 0.43± 0.03
Γ = 0.56± 0.05
Nor = 0.37± 0.02
05
Γ = 0.63± 0.06
Nor = 0.37± 0.03
Γ = 0.54± 0.05
Nor = 0.34± 0.02
06
Γ = 0.63± 0.05
Nor = 0.38± 0.03
Γ = 0.58± 0.06
Nor = 0.35± 0.02
07
Γ = 0.66± 0.05
Nor = 0.40± 0.03
Γ = 0.60± 0.05
Nor = 0.36± 0.02
08
Γ = 0.64± 0.06
Nor = 0.37± 0.03
Γ = 0.55± 0.05
Nor = 0.32± 0.02
09
Γ = 0.69± 0.06
Nor = 0.40± 0.03
Γ = 0.56± 0.05
Nor = 0.33± 0.02
10
Γ = 0.67± 0.04
Nor = 1.79± 0.04
Γ = 0.57± 0.03
Nor = 1.61± 0.05
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Table B.8: HDFN. Results from the spetral tting of the soft protons from period
2 using period 1 as bakground. Spetral t to an unfolded power-law for observation
HDFN.
Detetor Regions XMM-Newton Observation
i HDFN
01
Γ = 0.70± 0.06
Nor = 0.12± 0.01
02
Γ = 0.70± 0.06
Nor = 0.13± 0.01
03
Γ = 0.75± 0.06
Nor = 0.13± 0.01
04
Γ = 0.71± 0.06
Nor = 0.14± 0.01
05
Γ = 0.64± 0.06
Nor = 0.13± 0.01
06
Γ = 0.70± 0.06
Nor = 0.13± 0.01
07
Γ = 0.72± 0.06
Nor = 0.13± 0.01
08
Γ = 0.71± 0.06
Nor = 0.11± 0.01
09
Γ = 0.73± 0.06
Nor = 0.13± 0.01
10
Γ = 0.72± 0.03
Nor = 0.62± 0.02
Table B.9: HDFN. Results from the spetral tting of the soft protons from period
3 using period 1 as bakground. Spetral t to an unfolded power-law for observation
HDFN.
Detetor Regions XMM-Newton Observation
i HDFN
01
Γ = 0.64± 0.05
Nor = 0.45± 0.02
02
Γ = 0.65± 0.04
Nor = 0.46± 0.02
03
Γ = 0.69± 0.04
Nor = 0.52± 0.02
04
Γ = 0.64± 0.04
Nor = 0.51± 0.02
05
Γ = 0.60± 0.04
Nor = 0.48± 0.02
06
Γ = 0.61± 0.04
Nor = 0.48± 0.02
07
Γ = 0.64± 0.04
Nor = 0.47± 0.02
08
Γ = 0.63± 0.05
Nor = 0.41± 0.02
09
Γ = 0.68± 0.04
Nor = 0.44± 0.02
10
Γ = 0.65± 0.02
Nor = 2.22± 0.05
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Table B.10: HDFN. Results from the spetral tting of the soft protons from period
3 using period 2 as bakground. Spetral t to an unfolded power-law for observation
HDFN.
Detetor Regions XMM-Newton Observation
i HDFN
01
Γ = 0.64± 0.07
Nor = 0.32± 0.03
02
Γ = 0.64± 0.07
Nor = 0.36± 0.03
03
Γ = 0.68± 0.06
Nor = 0.38± 0.03
04
Γ = 0.63± 0.06
Nor = 0.37± 0.03
05
Γ = 0.59± 0.07
Nor = 0.35± 0.03
06
Γ = 0.59± 0.06
Nor = 0.35± 0.03
07
Γ = 0.62± 0.06
Nor = 0.34± 0.03
08
Γ = 0.60± 0.07
Nor = 0.29± 0.02
09
Γ = 0.66± 0.07
Nor = 0.31± 0.02
10
Γ = 0.63± 0.03
Nor = 1.61± 0.05
Table B.11: Ophiuhus. Results from the spetral tting of the soft protons from
period 2 using period 1 as bakground. Comparison of the unfolded power-law ts between
observation Oph 1 and Oph 3.
Detetor Regions XMM-Newton Observations
i Oph 1 Oph 3
01
Γ = 0.91± 0.10
Nor = 0.16± 0.02
Γ = 0.58± 0.15
Nor = 0.07± 0.01
02
Γ = 0.82± 0.10
Nor = 0.17± 0.02
Γ = 0.51± 0.17
Nor = 0.06± 0.01
03
Γ = 0.83± 0.10
Nor = 0.16± 0.02
Γ = 0.53± 0.16
Nor = 0.06± 0.01
04
Γ = 0.89± 0.10
Nor = 0.16± 0.02
Γ = 0.54± 0.15
Nor = 0.07± 0.01
05
Γ = 0.90± 0.10
Nor = 0.17± 0.02
Γ = 0.63± 0.15
Nor = 0.08± 0.01
06
Γ = 0.87± 0.10
Nor = 0.17± 0.02
Γ = 0.62± 0.15
Nor = 0.08± 0.01
07
Γ = 0.89± 0.10
Nor = 0.15± 0.02
Γ = 0.62± 0.14
Nor = 0.08± 0.01
08
Γ = 0.91± 0.10
Nor = 0.15± 0.02
Γ = 0.63± 0.15
Nor = 0.08± 0.01
09
Γ = 0.92± 0.09
Nor = 0.16± 0.02
Γ = 0.64± 0.15
Nor = 0.07± 0.01
10
Γ = 0.90± 0.04
Nor = 0.75± 0.04
Γ = 0.58± 0.07
Nor = 0.33± 0.03
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Table B.12: Abell Cluster 478. Results from the spetral tting of the soft protons
from period 2 using period 1 as bakground. Fit performed on the spetra extrated on
observation Abell Cluster 478. As it an be seen the soft protons from period 2 are well
tted by an unfolded power law.
Detetor Regions XMM-Newton Observation
i Abell Cluster 478
01
Γ = 0.67 ± 0.04
Nor = 0.17 ± 0.01
02
Γ = 0.69 ± 0.04
Nor = 0.19 ± 0.01
03
Γ = 0.70 ± 0.02
Nor = 0.18 ± 0.01
04
Γ = 0.67 ± 0.03
Nor = 0.18 ± 0.01
05
Γ = 0.65 ± 0.05
Nor = 0.19 ± 0.01
06
Γ = 0.68 ± 0.05
Nor = 0.20 ± 0.01
07
Γ = 0.71 ± 0.03
Nor = 0.17 ± 0.01
08
Γ = 0.67 ± 0.03
Nor = 0.17 ± 0.01
09
Γ = 0.69 ± 0.02
Nor = 0.16 ± 0.01
10
Γ = 0.68 ± 0.02
Nor = 0.82 ± 0.02
Table B.13: Abell Cluster 478. Results from the spetral tting of the soft protons
from period 3 using period 1 as bakground. Fit performed on the spetra extrated on
observation Abell Cluster 478. As it an be seen the soft protons from period 3 are well
tted by an unfolded power law.
Detetor Regions XMM-Newton Observation
i Abell Cluster 478
01
Γ = 0.61 ± 0.03
Nor = 0.47 ± 0.02
02
Γ = 0.59 ± 0.03
Nor = 0.50 ± 0.02
03
Γ = 0.62 ± 0.02
Nor = 0.49 ± 0.01
04
Γ = 0.59 ± 0.02
Nor = 0.49 ± 0.01
05
Γ = 0.60 ± 0.04
Nor = 0.52 ± 0.03
06
Γ = 0.62 ± 0.04
Nor = 0.52 ± 0.03
07
Γ = 0.62 ± 0.02
Nor = 0.47 ± 0.01
08
Γ = 0.60 ± 0.02
Nor = 0.45 ± 0.01
09
Γ = 0.63 ± 0.02
Nor = 0.44 ± 0.01
10
Γ = 0.62 ± 0.01
Nor = 2.26 ± 0.04
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Table B.14: Abell Cluster 478. Results from the spetral tting of the soft protons
from period 3 using period 2 as bakground. Fit performed on the spetra extrated on
observation Abell Cluster 478. As it an be seen, the soft protons from period 3 are well
tted by an unfolded power law.
Detetor Regions XMM-Newton Observation
i Abell Cluster 478
01
Γ = 0.58 ± 0.05
Nor = 0.29 ± 0.02
02
Γ = 0.54 ± 0.05
Nor = 0.31 ± 0.02
03
Γ = 0.58 ± 0.04
Nor = 0.31 ± 0.01
04
Γ = 0.55 ± 0.04
Nor = 0.31 ± 0.01
05
Γ = 0.57 ± 0.06
Nor = 0.32 ± 0.03
06
Γ = 0.59 ± 0.06
Nor = 0.32 ± 0.03
07
Γ = 0.58 ± 0.04
Nor = 0.30 ± 0.01
08
Γ = 0.56 ± 0.04
Nor = 0.28 ± 0.01
09
Γ = 0.60 ± 0.04
Nor = 0.28 ± 0.01
10
Γ = 0.58 ± 0.02
Nor = 1.43 ± 0.04
Appendix C
The main bright X-ray soures in
the X-ray Shadow Experiment
In this appendix, and as promise in hapter 4, § 4.3, some information regarding
these soures is reported.
A soure detetion was preformed on the data by using the SAS edetet_hain
task. Images in ve energy bands were produed by seleting events with (PAT-
TERN <= 4). The ve bands are 200 to 500, 500 to 2000, 2000 to 4500, 4500
to 7500 and from 7500 to 12000 eV. The onversion between the ount rates and
the implied uxes were done, using the energy onversion fators (ECFs) given in
table C.1.
Table C.1: Energy onversion fators (ECFs). The ECFs used in the SAS
edetet_hain task to alulate the soure ux, given the measured ount rate. The







Band [keV℄ 0.2-0.5 0.5-2.0 2.0-4.5 4.5-7.5 7.5-12.0
ECFs 10.596 6.7340 1.2473 0.94206 0.24273
In table C.2 the galati positions of these X-ray soures are presented. The as-
soiated positional error obtained from the SAS edetet_hain task is also shown.
The ux derived from this analysis is given in two ases twie, beause the soures
were also present in two dierent XMM-Newton observations. The optial and x-ray
ounterpart, when known, are also shown. When no x-ray ounterparts exists, the
XMM-Newton designation is adopted.
C.1 The rst Ophiuhus dark lament XMM-Newton obser-
vation
On the rst of the Ophiuhus dark lament XMM-Newton observations, a total of
seventeen x-ray point soures were deteted by the SAS edetet_hain task. Of
these, only one is a relative bright soure with 7.4± 0.8× 10−13 gs (erg m−2s−1).
It is seen in the top right border of the detetor. The x-ray emission of this objet
131
C.2. THE SECOND OPHIUCHUS DARK FILAMENT XMM-NEWTON OBSERVATION 132








Soure Galati Error Optial Counterpart Flux Soure








































0.65 ? 1.2±0.6 XMM J164124.0-243909
seems to be assoiated with the ROSAT 1RXS J164018.3-235331 soure, having as
optial ounterpart the variable star V2307 Oph (HD 150193A), with the galati
oordinates l = 355.5983
◦
and b = +14.8266
◦
, or its ompanion a T Tau-type star
(HD 150193B) from the SIMBAD
1
database. This soure is a pre-main sequene
star of spetral type A1 Ve at a distane of 150
+50
−30 p. A radius of 72 arse was
used to extrat the area assoiated to this soure.
C.2 The seond Ophiuhus dark lament XMM-Newton ob-
servation
On the the seond Ophiuhus dark lament XMM-Newton observation the SAS
edetet_hain task has deteted fourteen point soures.
The brightest x-ray soure in this eld is most likely assoiated with the faint
ROSAT 1RXS J164042.2-243513 soure. This soure is also present on the third
pointing, see the subsetion C.3. The measured ux for this soure during this
observation was 7.8 ± 0.8 × 10−13 gs (erg m−2s−1). A radius of 1.10 armin
was used to dene the extrating area and entered at the soure deteted at a
position of l = 355.1018
◦
and b = +14.3179
◦
. This x-ray soure shows a ontin-
uum spetrum. This spetrum was well tted with a model omposed by a simple
power-law and a Gaussian emission line subjet to absorption. The absorption was
xed to the best t value derived from the analysis of the spetrum from the third
observation, due to the higher spetral quality, see § C.3. The derived value of
the spetral index of the power-law was Γ = 1.68+0.37−0.28, with a normalization of
9.8+2.1−2.0 × 10−5 photons/keV/m2/s. The derived line entroid of the Gaussian was
3.77+0.37−0.24 keV, with an equivalent width of 0.13
+0.60
−0.13 keV and a normalization of
1.1+1.3−0.9 × 10−5 photons/m2/s. The former values are given within the 90 per ent
ondene level for ve free model parameters and a χ2red of 1.14. The result from
this t is shown on the left plot of gure C.1.
The seond strongest x-ray soure with a ux of 5.1±0.5×10−13 gs (erg m−2s−1)
seem to be assoiated with the HD 150345 star. This soure has been already de-
teted by the ROSAT satellite and designated by 1RXS J164126.8-242405. This is
the bright soure loated in the middle left part of the eld of view. It is a star of
1
http://simbad.u-strasbg.fr/
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spetral type F5 V with the galati oordinates l = 355.3355
◦
and b = +14.2345
◦
at a distane of 75
+6
−5 p (from SIMBAD). For extrating a irular area entered on
the soure, a radius of 1.42 armin was used.
The third stronger x-ray soure (XMM J164098-243649) does not seem to be
assoiated with any known objet and is also present on the third XMM-Newton










. In this ase a radius of 0.52 armin was used to extrat a irle entered
at the deteted soure position. This soure is found on the border of the EPIC-pn
eld of view.
The very soft x-ray soure (very red) seen in the eld of view, is assoiated with
the star HD 150366. This star Whih is of spetral type A7 III, and with the galati
oordinates of l = 355.3355
◦
and b = +14.2345
◦
. This stellar objet is loated at
a distane of 80
+5
−4 p (from SIMBAD). This soure was removed using a ut-out
radius of 0.45 armin.
C.3 The third Ophiuhus dark lament XMM-Newton ob-
servation
On the third XMM-Newton pointing, a total of sixteen point soures was deteted
by the SAS edetet_hain task. Two of them are also present in the seond XMM-
Newton observation, namely the rst and third detetions, see previous subsetions.
The strongest soure seems to be assoiated with the ROSAT 1RXS J164042.2-
243513 soure. The measured ux for this soure was 3.3 ± 0.1 × 10−12 gs whih
is more than four times higher than during the seond observation. The deteted
soure position is l = 355.1022
◦
and b = +14.3179
◦
. When one ompares in detail
the position, given by the SAS edetet_hain task, for this soure on both obser-
vations, an angular separation of 1.4 arse is deteted. In this ase a ut-out radius
of 1.74 armin was used to remove an area around the soure. This x-ray soure
shows a featureless spetrum. This spetrum is well tted with a model omposed
by a simple power-law and subjeted to absorption. The derived olumn density
was NH = 0.37
+0.09
−0.08 × 1021 m−2. The spetral index of the power-law has a value
of Γ = 1.77+0.20−0.18, with a normalization of 4.7
+1.0
−0.8 × 10−4 photons/keV/m2/s. The
former values are given within the 99 per ent ondene level, with a χ2red of 1.0 for
three free model parameters. The t plot is given on the right plot of gure C.1. The
olumn density assoiated to the dark lament is 2.5×1021 m−2, whih means that
1.2×1021 m−2 is the olumn density in the bakground of the Ophiuhus lament.
Assuming an hydrogen density of 1 m
−3
this would imply a line of path of ∼ 390 p
for the former olumn density, therefore requiring a distane of 515 p to the soure.
The seond strongest soure (XMM J164098-243649) in this pointing is the third
strongest x-ray soure of the seond XMM-Newton observation. The ux, observed
for this soure was 1.6 ± 0.4 × 10−13 gs. Given the errors, no variability an be
inferred for this soure. The deteted soure position was, in galati oordinates,
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Figure C.1: Spetra from the 1RXS J164042.2-243513 soure in two dierent periods,
on the seond (A) and third (B) XMM-Newton observations, respetively.
l = 355.1287
◦
and b = +14.2494
◦
. To remove the soure and surrounding area, a
radius of 0.77 armin was employed.
The third strongest soure (XMM J164124-243909) in the led was not previ-
ously deteted by any other astrophysial observation. The registered ux for this
soure was 1.2 ± 0.6 × 10−13 gs (erg m−2s−1). The soure position in galati
oordinates is l = 355.1549
◦
and b = +14.1483
◦
. In this ase a radius of 0.74 armin
was used to extrat the soure and neighbourhood.
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C.4 Abundane Tables
Table C.3: Abundane tables used in XSPEC and the relative dierene between the
two tables in %. The Angr table has higher abundanes.




1 1 H 1.0 1.0 0
2 4 He 9.77× 10−2 9.77× 10−2 0
6 12 C
 3.63× 10−4 2.40× 10−4 34.07
7 14 N
d 1.12× 10−4 7.59× 10−5 32.23
8 16 O 8.51× 10−4 4.90× 10−4 42.43
10 20 Ne 1.23× 10−4 8.71× 10−5 29.19
11 22 Na 2.14× 10−6 1.45× 10−6 32.24
12 24 Mg 3.80× 10−5 2.51× 10−5 33.95
13 26 Al 2.95× 10−6 2.14× 10−6 27.46
14 28 Si 3.55× 10−5 1.86× 10−5 47.61
16 32 S 1.62× 10−5 1.23× 10−5 24.07
17 34 Cl 1.88× 10−7 1.32× 10−7 29.79
18 36 Ar 3.63× 10−6 2.57× 10−6 29.20
20 40 Ca 2.29× 10−6 1.58× 10−6 31.00
24 48 Cr 4.84× 10−7 3.23× 10−7 33.26
26 52 Fe 4.68× 10−5 2.69× 10−5 42.53
27 54 Co 8.60× 10−8 8.32× 10−8 03.26
28 56 Ni 1.78× 10−6 1.12× 10−6 37.08
a
Anders & Grevesse (1989)
b
Wilms, Allen & MCray (2000)

Updated value is 3.93× 10−4, Grevesse et al. (1991).
d




In this appendix the ontour levels derived from the best model ts to the x-ray data
alulated with the XSPEC pakage are presented. As disussed in hapter 4, § 4.11
the number of free model parameters was redued to four. The four parameters are
the Loal Bubble (LB) temperature and emission measure (EM), and the Loop I
temperature and EM, respetively. The default ontour levels produed by the
XSPEC pakage for a plasma, are the temperature in keV and the normalization
fator (K). These parameters where mapped into a temperature given in Kelvin,
and into an EM given in units of m
−6
p.
To map the normalization fator K into an EM, the following expression was
used:
EM ≡ n2e Dpc = 4.072× 10−4 Kplasma Ω−1 [cm−6 pc] (D.1)




















assuming that nH = ne
1





where Ω is dened as Ω = π (r/D)2 = A/D2. Transforming the distane units
from m to p we get,
Kplasma = 2.456× 103 n2e Ω Dpc (D.4)
So we arrive at the rst expression:
n2e Dpc = 4.072× 10−4 KplasmaΩ−1 (D.5)
1
It is also frequently assumed that ne ≈ 1.2 nH or nH ≈ ne/1.2.
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To map these physial parameters, an algorithm was written in Interative Data
Language (IDL) using the CONTOUR routine to plot the ontour levels obtained
from the XSPEC steppar ommand.
The ontour levels are alulated by nding the pair of temperature and EM
values at whih its χ2 distane to the χ2min equals 68.3%, 90% and 99% levels, also
known as ondene levels, in the χ2-spae. More formally, we nd the χ2 using the
following expression
χ2 = χ2min +∆χ
2
(D.6)
where ∆χ2 is hosen, in order to attain the desired ontour level. For a four pa-
rameters model the ∆χ2s to be used are 4.7, 7.8 and 13.3, for a 68.3%, 90.0% and
99.0% ondene level, respetively. In table D.1 we present a list of the ∆χ2, from
1 to 20 free model parameters, and given for a set of 5 ondene levels.
D.1 Condene Levels from Set A
Confidence Levels
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Figure D.1: Contour Levels from Set A.
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D.2 Condene Levels from Set B
Confidence Levels
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Figure D.2: Contour Levels from Set B.
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D.3 Condene Levels from Set C
Confidence Levels
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Figure D.3: Contour Levels from Set C.
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D.4 Condene Levels from Set D
Confidence Levels
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Figure D.4: Contour Levels from Set D.
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D.5 Condene Levels from Set E
Confidence Levels
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Figure D.5: Contour Levels from Set E.
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D.6 Condene Levels from Set F
Confidence Levels
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Figure D.6: Contour Levels from Set F.
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D.7 Condene Levels from Set G
Confidence Levels
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Figure D.7: Contour Levels from Set G.
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D.8 Condene Levels from Set H
Confidence Levels
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Figure D.8: Contour Levels from Set H.
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D.9 Condene Levels from Set I
Confidence Levels
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Figure D.9: Contour Levels from Set I.
D.10. THE χ2 DISTRIBUTION 147
D.10 The χ2 Distribution
The tabulated funtion is the inverse umulative distribution funtion of a
Chi-squared distribution, having ν degrees of freedom.
Table D.1: The χ2 Condene Levels Table. The table shows the hyperontours whih
enloses the probability of simultaneously observing 1 to 20 free model parameters.
∆χ2 Condene Levels Table
d.o.f. 68.3% CL 90.0% CL 95.0% CL 99.0% CL 99.9% CL
1 1.000 2.706 3.841 6.635 10.828
2 2.279 4.605 5.991 9.210 13.816
3 3.506 6.251 7.815 11.340 16.266
4 4.695 7.779 9.488 13.280 18.467
5 5.861 9.236 11.070 15.090 20.515
6 7.009 10.640 12.592 16.810 22.458
7 8.145 12.020 14.067 18.480 24.322
8 9.270 13.360 15.507 20.090 26.124
9 10.390 14.680 16.919 21.670 27.877
10 11.500 15.990 18.307 23.210 29.588
11 12.600 17.280 19.675 24.720 31.264
12 13.700 18.550 21.026 26.220 32.909
13 14.800 19.810 22.362 27.690 34.528
14 15.890 21.060 23.685 29.140 36.123
15 16.980 22.310 24.996 30.580 37.697
16 18.070 23.540 26.296 32.000 39.252
17 19.150 24.770 27.587 33.410 40.790
18 20.230 25.990 28.869 34.810 42.312
19 21.310 27.200 30.144 36.190 43.820
20 22.380 28.410 31.410 37.570 45.315
Appendix E
Stars towards the Hyades
luster and Taurus fields
E.1 Stars towards the Hyades luster and Taurus elds
Table E.1: Stars in diretions of the Hyades luster and Taurus elds. Shown in the table
are the HD star number, the Galati oordinates, the pre- and post-Hipparos distanes
and the olumn densities. The olumn densities towards these stars were alulated using
the information from the atalogue of Lallement et al. [118℄, Redeld and Linsky [250℄ and
obtained from SIMBAD.
Star HD number lII bII Pre-Hipparos log(NH)
deg deg [p℄ [m
−2
℄
Hyades and Taurus star elds
HD 29763 176.6450 −15.0720 123.0 19.95
HD 27236 184.1670 −27.9290 161.0 20.37
HD 26128 171.2140 −20.7480 245.0 21.17
HD 26571 172.4160 −20.5540 316.0 21.82
HD 26571 172.4200 −20.5500 316.5 21.82
λ Tau 178.3700 −29.3800 113.5 19.33
µ Tau 184.2100 −28.8500 133.3 20.87
HD 23763 166.6780 −23.1210 145.0 20.06
HD 23258 168.4740 −26.2640 75.0 18.96
HD 28929 170.7730 −12.5280 143.0 20.32
HD 35189 187.6810 −10.8160 137.0 20.31
HD 35909 190.9320 −11.4220 99.0 20.20
HD 23324 165.7050 −23.2640 113.0 20.29
HD 23432 166.0490 −23.3630 119.0 20.45
HD 23288 166.0390 −23.7290 103.0 20.43
HD 23441 166.0950 −23.3620 109.0 20.29
HD 23985 166.1040 −21.9340 59.0 17.72
ontinues on next page
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Star HD number lII bII Pre-Hipparos log(NH)
deg deg [p℄ [m
−2
℄
HD 23568 166.2730 −23.2240 150.0 20.64
HD 23642 166.5350 −23.3190 111.0 19.83
HD 24368 166.6090 −21.3590 147.0 21.31
HD 24118 166.6070 −22.0710 210.0 21.42
HD 23873 166.8090 −22.9630 125.0 20.57
HD 23632 166.8650 −23.6990 120.0 19.84
HD 23862 166.9570 −23.1690 119.0 20.31
HD 23850 167.0140 −23.2340 117.0 20.76
HD 23410 167.0650 −24.4210 103.0 20.62
HD 23964 167.3120 −23.2600 159.0 20.76
HD 23753 167.3320 −23.8260 104.0 20.63
HD 24076 167.3930 −23.0360 102.0 20.42
HD 23923 167.3690 −23.3980 117.0 20.83
HD 23913 168.2320 −24.2730 99.0 21.13
HD 23950 168.5020 −24.4390 99.0 20.99
HD 24899 168.6400 −21.7720 197.0 20.91
HD 23016 168.9960 −27.5080 125.0 21.13
HD 24769 169.0950 −22.6260 163.0 21.21
HD 25201 169.7620 −21.9800 332.0 21.21
HD 30836 192.8900 −23.5220 386.0 20.82
19 Tau 165.9800 −23.5500 114.3 20.73
20 Tau 166.1700 −23.5100 110.4 20.24
23 Tau 166.5700 −23.7500 110.1 19.92
17 Tau 166.1800 −23.8500 113.6 19.79
27 Tau 167.0100 −23.2300 116.7 20.41
eta Tau 166.6700 −23.4600 112.7 20.29
Taken from SIMBAD
HD 28991 179.7456 −19.7087 101.3 21.35
HD 285844 178.9869 −19.8502 154.3 21.49
HD 29038 180.4166 −20.1259 124.1 21.89
CCDM J04335+1801AB 179.3408 −19.7551 129.7 20.64
CCDM J04298+1741AB 179.0238 −20.6619 206.2 21.02
HD 29023 179.2220 −19.2609 282.5 21.02
HD 27797 180.8048 −23.8121 235.3 21.94
* 73 Tau 180.9893 −23.1211 139.5 21.78
HD 28113 181.4161 −23.4205 126.3 21.53
HD 27789 181.2615 −24.2255 182.8 21.83
Hyades stars taken from Redeld and Linsky [250℄
HD 21847 156.2 −16.6 48.9 18.31
HD 26345 175.2 −23.6 43.1 18.23
HD 26784 182.4 −27.9 47.4 18.05
HD 27561 180.4 −24.3 51.4 18.14
ontinues on next page
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Star HD number lII bII Pre-Hipparos log(NH)
deg deg [p℄ [m
−2
℄
HD 27808 174.8 −19.1 40.9 18.23
HD 27848 178.6 −22.0 53.4 18.18
HD 28033 175.4 −18.9 46.4 18.23
HD 28205 180.4 −22.4 45.8 18.15
HD 28237 183.7 −24.7 47.2 18.07
HD 28406 178.8 −20.6 46.3 18.18
HD 28483 177.3 −19.2 50.2 18.21
HD 28568 180.5 −21.4 41.2 18.15
HD 28608 185.1 −24.7 43.6 18.06
HD 28736 190.2 −27.6 43.2 18.00
HD 29225 181.6 −20.5 43.5 18.14
HD 29419 176.0 −15.6 44.2 18.22
HD 30738 183.5 −17.6 51.8 18.13





In this appendix the ontour plots from the Hyades-Taurus x-ray spetral t are
presented. These ontour plots were reated using a grid of 50× 50 points.
Confidence Levels


























































































































































































Figure F.1: Contour Levels from the Hyades-Taurus simultaneous t.
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Appendix G
The extintion map in the
Galati antienter
In this appendix the extintion map in the Galati antienter diretion, reated
by Froebrih et al. [251℄, is presented. These authors have produed an extintion
map by using the (J-H) and (H-K) olour exess of stars in the Two-Miron All-Sky
Survey (2MASS). This plate represents a sky eld of 127
◦×63◦, inluding the regions
of Orion, Perseus, Taurus, Auriga, Monoeros, Camelopardalis and Cassiopeia.
The averaged extintions (AV) in eah of these three XMM-Newton diretions
were determined to be 1.27, 4.22, and 1.07 mag in elds A, B and C, respetively.
These AV values an be onverted into a olumn density (NH) by using a onversion
fator of 2.0× 1021 mag−1 m−2. This onversion implies a NH of 2.54×1021 m−2,
8.45×1021 m−2, and 2.15×1021 m−2.
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8








Figure G.1: The extintion in the Galati antienter diretion. In this image the
visual extintion AV in the galati antienter due to Froebrih et al. [251℄ is presented.
The plot was reated using an inverted squared sale in the interval of 0 to 2 AV. The red
irles show the three XMM-Newton pointings used in this work.
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If instead, the dust emissivity, most readily seen at 100 µm [263℄, had been
used to estimate the NH towards the three pointings, then an AV of 0.994, 2.132
and 1.009 mag would have been found for A, B and C elds, respetively. The
former values were alulated by rst nding the average of the 100 µm emissiv-
ity, in eah XMM-Newton observation, on a irle of radius of 12.5 armin, whih
were then onverted into a olumn density using the extintion relation AV =
0.06 I100 µm MJy
−1
sr mag [264℄. With a onversion fator of 2× 1021 mag−1 m−2,
the AV are transformed into olumn densities of 1.99×1021 m−2, 4.26×1021 m−2
and 2.02×1021 m−2, respetively.
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